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Kurzdarstellung
Elektroschwache Eichbosonen, zentrale Bestandteile des Standardmodells der Teilchenphysik,
wurden mit hoher Pra¨zision an fru¨heren und aktuellen Teilchenbeschleunigern untersucht und
sind aus theoretischer Sicht gut verstanden. Eine Voraussage der elektroschwachen Theorie ist
ein Streuprozess dieser Elementarteilchen. Dieser entha¨lt sowohl bosonische Dreier- und Vierer-
Kopplungen als auch Beitra¨ge des Higgs-Bosons, welche die Wechselwirkung unitarisieren. Der
Prozess ist eng mit der elektroschwachen Symmetriebrechung verknu¨pft, welche die longitudi-
nalen Komponenten der streuenden Eichbosonen erzeugt. Eine Studie dieser Wechselwirkung
ist zudem ein direkter Weg zur U¨berpru¨fung der lokalen Eichsymmetrie, eines der zentralen
Axiome des Standardmodells. Im Kontext dieser Arbeit konnte dieser Prozess zum ersten Mal
signifikant nachgewiesen werden. Dafu¨r wurden Proton-Proton-Wechselwirkungen des Large
Hadron Colliders bei einer Schwerpunktsenergie von
√
s = 8 TeV ausgewertet. Die vom ATLAS
Detektor aufgenommen Daten entsprachen dabei einer integrierten Luminosita¨t von 20.3 fb−1.
Eine Studie von W±W±jj-Erzeugung mit gleicher elektrischer Ladung der leptonisch zer-
fallenden Eichbosonen und zwei zusa¨tzlichen Jets fu¨hrte zu einer Entdeckung der elektro-
schwachen W±W±jj-Erzeugung mit einer Signifikanz von 3.6 Standardabweichungen. Nicht
abtrennbare Beitra¨ge von W±W± →W±W±-Streuung sind in diesem Prozess enthalten. Der
gemessene Wirkungsquerschnitt stimmt mit der Vorhersage des Standardmodells u¨berein.
Fu¨r den Endzustand von leptonisch zerfallenden WZ-Eichboson-Paaren wird die Ereignis-
selektion optimiert sowie Methoden zur Abscha¨tzung von systematischen Unsicherheiten, zur
Bestimmung von Untergru¨nden und zur Messung von Wirkungsquerschnitten entwickelt. Diese
werden auf den WZjj Endzustand erweitert, dessen rein elektroschwacher Anteil untrennbar
die Streuung aller elektroschwachen Eichbosonen des Standardmodells entha¨lt: Wγ → WZ
und WZ → WZ. Drei geladene Leptonen und ein Neutrino aus den Zerfa¨llen der Bosonen er-
lauben Ru¨ckschlu¨sse auf den Streuprozess. Eine eindeutige Signatur ist durch die beiden Jets j
gegeben, von welchen die streuenden Bosonen abgestrahlt werden.
Der Wirkungsquerschnitt der elektroschwachen WZjj Produktion im Selektionsphasenraum
konnte zu
(
0.63 +0.32−0.28 (stat.) +0.41−0.24 (syst.)
)
fb bestimmt werden. Das Ergebnis steht im Einklang
mit der Vorhersage des Standardmodells auf na¨chstfu¨hrender Ordnung der Sto¨rungstheorie
der Quantenchromodynamik,
(
0.31 +0.03−0.05
)
fb. Außerdem werden entfaltete Verteilungen von
kinematischen Gro¨ßen bestimmt, welche sensitiv auf Modelle jenseits des Standardmodells
sind. Anomale elektroschwache Vierer-Eichboson-Kopplungen werden als Kopplungsparameter
zusa¨tzlicher Operatoren im Rahmen einer effektiven Feldtheorie eingefu¨hrt. Es werden Grenzen
auf die Parameter von Operatoren der Dimension Acht bestimmt, wobei die Einhaltung der
Unitarita¨t durch die Anwendung von Formfaktoren gewa¨hrleistet wird.
v
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Abstract
Electroweak gauge bosons as central components of the Standard Model of particle physics are
well understood theoretically and have been studied with high precision at past and present
collider experiments. The electroweak theory predicts the existence of a scattering process
of these particles consisting of contributions from triple and quartic bosonic couplings as
well as Higgs boson mediated interactions. These contributions are not separable in a gauge
invariant way and are only unitarized in the case of a Higgs boson as it is described by the
Standard Model. The process is tied to the electroweak symmetry breaking which introduces
the longitudinal modes for the massive electroweak gauge bosons. A study of this interaction
is also a direct verification of the local gauge symmetry as one of the fundamental axioms of
the Standard Model. With the start of the Large Hadron Collider and after collecting proton-
proton collision data with an integrated luminosity of 20.3 fb−1 at a center-of-mass energy of√
s = 8 TeV with the ATLAS detector, first-ever evidence for this process could be achieved
in the context of this work.
A study of leptonically decaying W±W±jj, same-electric-charge diboson production in as-
sociation with two jets resulted in an observation of the electroweak W±W±jj production,
inseparably comprising W±W± →W±W± electroweak gauge boson scattering contributions,
with a significance of 3.6 standard deviations. The measured production cross section is in
agreement with the Standard Model prediction.
In the course of a study for leptonically decaying WZ productions, methods for background
estimation, the extraction of systematic uncertainties and cross section measurements were
developed. They were extended and applied to the WZjj final state whereof the purely elec-
troweakly mediated contribution is intrinsically tied to the scattering of all Standard Model
electroweak gauge bosons: Wγ → WZ and WZ → WZ. Three charged leptons and a neu-
trino from the decay of the final state bosons allow inferences about the scattering process.
A distinct signature is provided by the two accompanying tagging jets as remnants of the
incoming quarks radiating the initial electroweak gauge bosons. The cross section of the elec-
troweak WZjj production was measured to σobservedfiducial =
(
0.63 +0.32−0.28 (stat.) +0.41−0.24 (syst.)
)
fb and
was found to be consistent with the Standard Model prediction at next-to-leading order in
perturbative quantum chromodynamics, σtheoryfiducial =
(
0.31 +0.03−0.05
)
fb. Unfolded differential cross
sections of kinematic variables sensitive to models of new physics were derived. Anomalous
quartic electroweak gauge couplings are introduced as dimensionless coupling parameters of
additional operators within an effective field theory approach. Constraints on the parameters
of operators with dimension eight were set employing a unitarization prescription based on
form factors.
vii
viii
Contents
Kurzdarstellung . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . v
Abstract . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . vii
1 Introduction 1
2 The Standard Model of Particle Physics 3
2.1 Symmetries of the Standard Model . . . . . . . . . . . . . . . . . . . . . . . . . 3
2.2 Lagrangian Density of the Standard Model . . . . . . . . . . . . . . . . . . . . 3
2.3 Electroweak Symmetry Breaking . . . . . . . . . . . . . . . . . . . . . . . . . . 5
2.4 Gauge Theory of Electroweak Interactions . . . . . . . . . . . . . . . . . . . . . 7
2.5 Electroweak Scheme . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
2.6 Particle Content of the Standard Model . . . . . . . . . . . . . . . . . . . . . . 9
3 Electroweak Gauge Boson Scattering 11
3.1 Feynman Rules . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
3.1.1 Charged and Neutral Current Interactions . . . . . . . . . . . . . . . . . 11
3.1.2 Triple Electroweak Gauge Boson Vertices . . . . . . . . . . . . . . . . . 12
3.1.3 Quartic Electroweak Gauge Boson Vertices . . . . . . . . . . . . . . . . 12
3.1.4 Higgs Boson Vertices . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
3.2 Process Definition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
3.2.1 Leading Order in Perturbation Theory . . . . . . . . . . . . . . . . . . . 13
3.2.2 Next-to-Leading Order in Perturbation Theory . . . . . . . . . . . . . . 14
3.3 Differences between Electroweak and Strong V Vjj Processes . . . . . . . . . . 16
3.3.1 Jet Kinematics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16
3.3.2 Lepton Kinematics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
3.4 Differences between V Vjj Final States . . . . . . . . . . . . . . . . . . . . . . . 20
4 Anomalous Quartic Electroweak Gauge Boson Interactions 23
4.1 Effective Theory of Muon Decay . . . . . . . . . . . . . . . . . . . . . . . . . . 23
4.2 Effective Theory of Electroweak Interactions . . . . . . . . . . . . . . . . . . . . 24
4.2.1 Operator-Dimension d = 4 . . . . . . . . . . . . . . . . . . . . . . . . . . 24
4.2.2 Operator-Dimension d = 6 and d = 8 . . . . . . . . . . . . . . . . . . . . 25
4.3 Unitarity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26
4.3.1 Fermi Theory . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26
4.3.2 Standard Model Higgs and Electroweak Gauge Boson Scattering . . . . 27
4.3.3 Unitarization . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27
ix
5 Event Simulations 31
5.1 Introduction to Event Generators . . . . . . . . . . . . . . . . . . . . . . . . . . 31
5.2 Event Generators for V Vjj Processes . . . . . . . . . . . . . . . . . . . . . . . 34
5.3 Validation of Event Generators for V Vjj Processes . . . . . . . . . . . . . . . . 36
5.3.1 Phase Space and Parameter Settings . . . . . . . . . . . . . . . . . . . . 36
5.3.2 W±W±jj-EW . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37
5.3.3 W±W±jj-QCD . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38
5.3.4 WZjj-EW . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39
5.3.5 WZjj-QCD . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40
6 Experimental Setup 41
6.1 The Large Hadron Collider . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41
6.2 The ATLAS Experiment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44
6.2.1 Coordinate System . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45
6.2.2 Inner Detector . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46
6.2.3 Calorimeter Systems . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48
6.2.4 Muon System . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49
6.2.5 Trigger Systems . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49
7 Signal Event Selection 51
7.1 Fiducial Phase Space Definitions . . . . . . . . . . . . . . . . . . . . . . . . . . 51
7.1.1 Fiducial Inclusive WZ Phase Space . . . . . . . . . . . . . . . . . . . . . 52
7.1.2 Fiducial Electroweak WZjj Phase Space . . . . . . . . . . . . . . . . . . 53
7.2 Data Quality and Luminosity . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53
7.3 Pile-up Correction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54
7.4 Vertex Requirements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56
7.5 Trigger . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56
7.6 Muon Selection . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57
7.7 Electron Selection . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58
7.8 Jet Selection . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60
7.9 Missing Transverse Momentum . . . . . . . . . . . . . . . . . . . . . . . . . . . 61
7.10 Overlapping Objects . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62
7.11 Lepton Number Requirement . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63
7.12 Z Boson and W Boson Association . . . . . . . . . . . . . . . . . . . . . . . . . 64
7.13 Z Mass and W Transverse Mass Constraints . . . . . . . . . . . . . . . . . . . . 65
7.14 Inclusive WZ Selection . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67
7.15 Electroweak WZjj Selection . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71
7.16 Visualization of Observed Electroweak Gauge Boson Scattering Event Candidates 79
8 Background Processes 83
8.1 Background Processes to WZ Selection . . . . . . . . . . . . . . . . . . . . . . . 83
8.2 Fake Lepton Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85
8.2.1 Fake Lepton Source . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85
8.2.2 Matrix Method . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87
8.2.3 Fake Rate Estimation . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89
8.2.4 Fake Background Estimation . . . . . . . . . . . . . . . . . . . . . . . . 90
8.3 ZZ Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95
x
9 Systematic Uncertainties 99
9.1 Experimental Systematic Uncertainties . . . . . . . . . . . . . . . . . . . . . . . 99
9.1.1 Luminosity Uncertainties . . . . . . . . . . . . . . . . . . . . . . . . . . 99
9.1.2 Muon Measurement Uncertainties . . . . . . . . . . . . . . . . . . . . . 100
9.1.3 Electron Measurement Uncertainties . . . . . . . . . . . . . . . . . . . . 101
9.1.4 Missing Transverse Momentum Uncertainties . . . . . . . . . . . . . . . 102
9.1.5 Vertex Multiplicity Uncertainties . . . . . . . . . . . . . . . . . . . . . . 103
9.1.6 Jet Uncertainties . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104
9.2 Theory Uncertainties . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 108
9.2.1 Renormalization and Factorization Scale Uncertainties . . . . . . . . . . 108
9.2.2 Parton Distribution Function Uncertainties . . . . . . . . . . . . . . . . 109
9.2.3 Parton Showering Uncertainties . . . . . . . . . . . . . . . . . . . . . . . 111
9.2.4 Uncertainties of different Parton Multiplicities . . . . . . . . . . . . . . 112
9.2.5 Higgs Boson Dependence . . . . . . . . . . . . . . . . . . . . . . . . . . 113
9.2.6 Summary of WZ Theory Uncertainties . . . . . . . . . . . . . . . . . . . 113
9.2.7 Background Processes . . . . . . . . . . . . . . . . . . . . . . . . . . . . 115
9.3 Summary of Systematic Uncertainties . . . . . . . . . . . . . . . . . . . . . . . 116
10 Cross Section Measurements 119
10.1 Statistical Method . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 119
10.2 Signal Efficiencies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 121
10.3 Theory Fiducial Cross Section Estimation . . . . . . . . . . . . . . . . . . . . . 122
10.4 Sample Cross Section Estimation . . . . . . . . . . . . . . . . . . . . . . . . . . 123
10.5 Inclusive WZ Cross Section Measurement . . . . . . . . . . . . . . . . . . . . . 125
10.6 Discovery Significance for Electroweak WZjj . . . . . . . . . . . . . . . . . . . 125
10.7 WZjj-EW Cross Section Measurement . . . . . . . . . . . . . . . . . . . . . . . 127
11 Differential Cross Section Measurements 129
11.1 Introduction to Unfolding . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 129
11.2 Implementation of Unfolding . . . . . . . . . . . . . . . . . . . . . . . . . . . . 130
11.3 Unfolded Distributions after Inclusive WZ Selection . . . . . . . . . . . . . . . 131
11.4 Unfolded Distributions Connected to Electroweak Gauge Boson Scattering . . . 134
12 Constraints on Anomalous Quartic Electroweak Gauge Couplings 137
12.1 Fiducial Cross Sections . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 137
12.2 Definition and Evaluation of the Test Statistic . . . . . . . . . . . . . . . . . . 139
12.3 Constraints on fS,0 and fS,1 Parameters . . . . . . . . . . . . . . . . . . . . . . 142
12.4 Constraints on fM,i and fT,j Parameters . . . . . . . . . . . . . . . . . . . . . . 145
12.5 Interpretation of Anomalous Quartic Electroweak Gauge Couplings . . . . . . . 146
12.6 Discriminating Variables . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 146
12.7 Electric Charge Ratio . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 148
13 Summary and Outlook 151
xi
A Auxiliary Information: Conventions 155
B Auxiliary Information: Generator-Level Distributions 157
B.1 W±W±jj Final State . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 157
B.2 WZjj Final State . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 163
B.3 Comparison between Electroweak and Strong V Vjj Processes . . . . . . . . . . 169
C Auxiliary Information: Unitarity 171
D Auxiliary Information: Simulated and Recorded Datasets 173
E Auxiliary Information: Event Generator Run Cards 177
E.1 VBFNLO Input Files . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 177
E.2 Whizard Input File . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 181
E.3 Sherpa Input File . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 183
F Auxiliary Information: Event Selection 185
F.1 Summary of Object and Event Selection Criteria . . . . . . . . . . . . . . . . . 185
F.2 Inclusive WZ Selection . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 187
F.2.1 Z Boson Candidate Distributions . . . . . . . . . . . . . . . . . . . . . . 187
F.2.2 W Boson Candidate Distributions . . . . . . . . . . . . . . . . . . . . . 194
F.2.3 WZ Pair Distributions . . . . . . . . . . . . . . . . . . . . . . . . . . . . 197
F.2.4 Event Yield . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 204
F.3 Electroweak WZjj Selection . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 205
F.3.1 Kinematic Distributions . . . . . . . . . . . . . . . . . . . . . . . . . . . 205
F.3.2 Event Yield . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 206
F.4 Electroweak WZjj Selection with M(j1j2) > 800 GeV . . . . . . . . . . . . . . 207
F.4.1 Kinematic Distributions . . . . . . . . . . . . . . . . . . . . . . . . . . . 207
F.4.2 Systematic Uncertainties . . . . . . . . . . . . . . . . . . . . . . . . . . . 209
F.4.3 Fiducial Cross Section Measurement . . . . . . . . . . . . . . . . . . . . 210
G Auxiliary Information: Matrix Method 211
G.1 Fake Rate Regions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 211
G.2 Fake Rates . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 213
G.3 Fake Regions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 214
G.4 Comparing Simulated Fake Lepton Background to ATLAS Data . . . . . . . . 218
G.5 Fake Background after Electroweak WZjj Selection + M(j1j2) > 800 GeV . . . 220
H Auxiliary Information: Systematic Uncertainties 221
I Auxiliary Information: Cross Sections of Operator-Dimension Eight Parameters 227
List of Figures 231
List of Tables 235
Bibliography 237
xii
1 Introduction
The current fundamental knowledge of particle physics is combined in the Standard Model, a
theory describing the basic constituents of matter and the interactions they are experiencing.
It was mainly formed between 1961 and 1973 and has been tested in the last 40 years in a
huge collaborative effort of theorists and experimentalists. Although the Standard Model is
known to fall short of being the final theory of nature [1], all so far studied aspects are in good
agreement with the current experimental data [2].
One key component of the Standard Model is the electroweak theory [3–5], the combined
description of the electromagnetic and the weak interactions. It is based on local gauge symme-
tries requiring the existence of fundamental particles mediating interactions. These particles
are the massless photon γ as well as the massive W and Z bosons. They are responsible for
everyday phenomena like the electromagnetic waves or the radioactive decay and are referred
to as the electroweak gauge bosons. Masses are acquired via electroweak symmetry break-
ing. In the Standard Model this is realized via spontaneous symmetry breaking within the
Brout-Englert-Higgs mechanism [6–10] with the direct consequence of a scalar boson, the Higgs
boson. The discovery of a particle consistent with the Standard Model Higgs boson in 2012 by
the ATLAS and CMS collaborations [11,12] has possibly revealed the last missing elementary
particle of the Standard Model.
The electroweak theory predicts an interaction between the electroweak gauge bosons: Elec-
troweak gauge boson scattering. This process involves direct triple and quartic gauge boson
vertices as well as contributions with an intermediate electroweak gauge boson or an interme-
diate Higgs boson. It is intrinsically tied to electroweak symmetry breaking which introduces
the longitudinal polarization modes for the massive electroweak gauge bosons. An intermedi-
ate Higgs boson is indispensable in order to fulfill the basic axiom of unitarity. This makes
electroweak gauge boson scattering a key process to probe the Standard Model, especially the
fundamental principles of local gauge invariance and electroweak symmetry breaking.
Unfortunately, no beams of massive electroweak gauge bosons are possible with current
technologies. Other particles are required as a source. The rates of electroweak gauge boson
scattering at currently highest energetic particle accelerators are very small. At the Large
Hadron Collider at the European Organization form Nuclear Research (CERN) near Geneva
(Switzerland) [13], the electroweak gauge bosons are radiated by quarks inside the colliding
proton beams. The production rate is about 13 orders of magnitude below the total proton-
proton interaction rate1. This is the main reason for the lack of experimental evidence for
electroweak gauge boson scattering prior to this work. Furthermore, no process with a quartic
self-interaction has ever been observed before.
Scattering of W bosons into photons has been studied at the DØ [15], L3 [16] and OPAL [17]
experiments and a study of γγ → WW scattering has been published by the CMS collabo-
ration [18]. These analyses have not been able to provide a significant evidence for claiming
1Assuming a total proton-proton interaction cross section of 108 nb [14] and a typical cross section of elec-
troweak V Vjj processes, inseparably comprising electroweak gauge boson scattering, of 10 fb (see Table 3.4)
at a proton-proton center-of-mass energy of
√
s = 8 TeV.
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a discovery of electroweak gauge boson scattering. In addition, the scattering of massive W
and/or Z gauge bosons is of larger theoretical interest compared to the scattering of massless
photons due to its connection to electroweak symmetry breaking.
Driven by the importance of electroweak gauge boson scattering it is one of the central
physics goals of the current and future LHC program [19–21]. These processes have become
experimentally accessible just recently as it took three years of data-taking at the LHC to
gather a sufficiently large data set.
This work has made central contributions to the simulations and the data analyses for the
first experimental evidence of a process comprising electroweak gauge boson scattering. Driven
by theoretical and experimental advantages, this fundamental breakthrough has been achieved
in the final state with two W bosons of same electric charge accompanied by at least two jets:
W±W±jj. Details can be found in the publication by the ATLAS collaboration [22] and the
Ph.D. thesis of Ulrike Schnoor at the TU Dresden [23].
An analysis of electroweak gauge boson scattering in the WZjj final state with leptonically
decaying gauge bosons is presented here in full detail. Although many studies based on simu-
lated events have been published in the last 15 years [24–29], no experimental measurements
based on collision data are available at the time of this work. As a result, this study marks
the first experimental analysis in this final state and of scattering involving Z bosons in gen-
eral. All fundamental bosons of the Standard Model besides gluons contribute to the process
already at leading order (WZ → WZ, Wγ → WZ, intermediate Higgs boson), resulting in a
wide range for interpretations.
The analysis is based on proton-proton collisions at a center-of-mass energy of
√
s = 8 TeV
with an integrated luminosity of 20.3 fb−1 recorded in 2012 by the ATLAS experiment [30].
The worldwide LHC Computing Grid (LCG) project [31, 32] has been one of the essential
backbones by providing the data storage and the computing resources.
Signs for physics beyond the Standard Model, accessible in electroweak gauge boson scat-
tering processes, are predicted by various models [33, 34]. The WZjj final state process is
sensitive to parameters of models introducing anomalous quartic electroweak gauge couplings.
Some parameters are constrained by existing measurements [15–18,22,35–37], others have not
been accessible as of today.
This document starts with a theoretical introduction to the Standard Model of particle
physics (Chapter 2), electroweak gauge boson scattering (Chapter 3) and anomalous quartic
electroweak gauge couplings (Chapter 4). Simulations of particle collisions with the focus on
diboson final states with at least two additional jets are described in Chapter 5. It follows the
experimental part with an overview of the LHC and an introduction to the ATLAS experiment
(Chapter 6). A WZjj final state collision data analysis is presented in Chapter 7 (event selec-
tion), Chapter 8 (background estimation) and Chapter 9 (systematic uncertainties). Results
are derived in terms of fiducial cross sections (Chapter 10) and unfolded kinematic distri-
butions (Chapter 11). Constraints on anomalous quartic electroweak gauge boson coupling
parameters are derived in Chapter 12. To conclude, the obtained results are summarized and
compared to theoretical predictions in Chapter 13.
Several conventions typically found in the literature of particle physics are adopted in this
work and are summarized in Appendix A.
2
2 The Standard Model of Particle Physics
This chapter introduces the Standard Model of particle physics, a theory covering the smallest
accessible scales in nature. The focus is set on the electroweak theory describing electromag-
netic waves, radioactive decays and the masses of the fundamental particles.
The Standard Model of particle physics was put on his feet by Glashow, Salam and Wein-
berg [3–5]. From the theoretical point of view it is a relativistic and renormalizable gauge
quantum field theory [38] relying on a set of basic postulates put into a mathematical frame-
work. It describes all known elementary particles as excited states of the underlying quantum
fields. Interactions are introduced via gauge symmetries and the resulting gauge bosons. The
masses of the gauge bosons are explained by the electroweak symmetry breaking.
2.1 Symmetries of the Standard Model
The general structure of the Standard Model of particle physics (SM) is based on symmetries.
Each continuous symmetry results in an associated conservation law (Noether’s theorem [39]).
The most important symmetries are the following:
• Global Poincare´ symmetry [40] is the full symmetry of special relativity and results
in the conservation of four-momentum. Each quantum field theory (QFT) is required
to be invariant under this symmetry. Representations of the Poincare´ symmetry are
classified by either integer or half-integer spin naturally introducing the fermions and
the bosons [41].
• The SM is invariant under local gauge symmetries [42]. Symmetry group of the
unbroken SM is the Lie group product U(1)Y ⊗ SU(2)L ⊗ SU(3)C . The results are the
conservation of the weak hypercharge Y , the electric charge Q, the weak isospin T3 and
the color charge. Gauge bosons, the central topic of this work, are a direct consequence
of the gauge invariance.
• Discrete CPT symmetry. The SM is invariant under the combined charge, parity
and time symmetry. In other words, the physics described by the SM is identical, if
the following transformations are performed together: Each particle is replaced by its
antiparticle. The signs of all three spacial coordinates are flipped. The direction of the
time is reversed. This symmetry holds for each Lorentz invariant local QFT [43].
2.2 Lagrangian Density of the Standard Model
The dynamics of fields, describing the fundamental particles, is expressed by the Lagrangian
density L of the SM. Invariance under the symmetries of the SM is a requirement for the
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mathematical structure of the Lagrangian density. One way to write the full and unbroken
Lagrangian density of the SM in a compact way is the following1:
L = Lleptonskin +Lquarkskin +Lgauge bosonskin +LHiggs +LYukawa (2.1)
with
Lleptonskin =
∑
j∈{1,2,3}
iLjLγµDµL
j
L + i e
j
Rγ
µDµe
j
R (2.2a)
Lquarkskin =
∑
j∈{1,2,3}
iQjLγµDµQ
j
L + iu
j
Rγ
µDµu
j
R + i d
′ j
R γ
µDµd
′ j
R (2.2b)
Lgauge bosonskin = −
1
4BµνB
µν − 14Wa,µνW
µν
a −
1
4Ga,µνG
µν
a (2.2c)
LHiggs = (DµΦ)† (DµΦ)− µ2Φ†Φ− λ(Φ†Φ)2 (2.2d)
LYukawa =
∑
j∈{1,2,3}
−yljLjLΦljR − yujQ
j
LΦcu
j
R − ydjQ
j
LΦd
′ j
R + h.c. (2.2e)
Fields of all known fundamental fermions and bosons are a part of this Lagrangian density.
The field content is summarized in Table 2.1. Right-handed SU(2)L singlet neutrino fields
are not shown. They can be included via Dirac or Majorana mass terms [45] and analogous
kinetic terms.
Table 2.1: Field content of the Standard Model [2]. The left-handed (lh) fermion fields are
expressed in the doublet notation, whereas the right-handed (rh) counterparts are SU(2)L
singlets. Electric charge Q, weak hypercharge Y and weak isospin T3 are presented. The
Higgs boson field H as the only fundamental field with a spin of zero is not shown explicitly.
bosonic fields, spin = 1
symbol associated charge symmetry group coupling
Bµ weak hypercharge U(1)Y gY
W aµ (a = 1, 2, 3) weak isospin SU(2)L gw
Gaµ (a = 1, . . . , 8) color SU(3)C gs
fermionic fields, spin = 1/2
symbol name generations Q Y T3
LjL lh leptons
(
νe,L
eL
) (
νµ,L
µL
) (
ντ,L
τL
)
0 −1/2 ( 1/2
−1/2
)
−1 −1/2
ejR rh leptons eR µR τR −1 −1 0
QjL lh quarks
(
uL
d′L
) (
cL
s′L
) (
tL
b′L
)
2/3 1/6
(
1/2
−1/2
)
−1/3 1/6
ujR rh up-type quarks uR cR tR 2/3 1/6 1/2
d′ jR rh down-type quarks d′R s′R b′R −1/3 1/6 −1/2
1Just the classical Lagrangian density is shown here. Ghost and gauge fixing terms necessary for the quanti-
zation of the Lagrangian [44] are ignored.
4
2.3 Electroweak Symmetry Breaking
The left- and right-chiral components ψL/R ∈ {LjL, ejR, QjL, ujR, djR} of the four-component
Dirac fermion fields ψ are defined by
ψL/R ≡
1
2 (1∓ γ5)ψ. (2.3)
They are treated differently by using a singlet notation for the right component and a doublet
notation for the left component fields. The Dirac matrices γµ = {γ0, γ1, γ2, γ3} and the matrix
γ5 ≡ i γ0γ1γ2γ3 are introduced in [46].
Sums are taken over the three generations j of leptons and quarks. A summation over the
Lorentz indices µ is implied by using Einstein’s summing convention. The bar notation is
representing the adjoint spinor
ψ ≡ ψ†γ0. (2.4)
Mathematically, the local gauge invariance requires the Lagrangian density to be invariant
under a gauge transformation of the fields ψL/R. This is fulfilled by the introduction of the
gauge boson fields Bµ, W aµ and Gaµ with the corresponding gauge couplings gY , gw and gs.
They are already included in Equation (2.1) within the covariant derivatives Dµ:
Dµ = ∂µ + i gY Y Bµ + i gwTaW aµ + i gsΛaGaµ. (2.5)
The weak hypercharge Y , the weak isospin Ta = 1/2σa (a = 1, 2, 3) and the strong isospin
Λa = 1/2λa (a = 1, . . . , 8) are introduced as the generators of the gauge groups. One pos-
sible choice for their representation are the Pauli matrices σa for SU(2) and the Gell-Mann
matrices λa for SU(3) [46].
Direct interactions between the gauge boson fields Aaµ ∈ {Bµ,W aµ , Gaµ}, as present in elec-
troweak gauge boson scattering, are introduced by the kinetic terms (2.2c) of the gauge bosons.
They are expressed by the field strength tensors,
Aaµν = ∂µAaν − ∂νAaµ + gfabcAbµAcν , (2.6)
with fabc as the fundamental structure constants of the corresponding gauge group and the
gauge couplings g ∈ {gY , gw, gs}.
The only fundamental scalar field of the theory, the Higgs field H, is introduced as a com-
ponent of the SU(2)L doublet field Φ in the context of the electroweak symmetry breaking.
2.3 Electroweak Symmetry Breaking
Mass terms of the gauge bosons are forbidden by the gauge invariance. This contradicts the
experiments with clearly established massive W and Z bosons [2]. A complex weak isospin
doublet field Φ is introduced in order to provide masses via spontaneous symmetry breaking
within the Brout-Englert-Higgs mechanism [6–10]. It has a weak isospin of Y = 1/2 and can
be parameterized as
Φ =
(
Φ+
Φ0
)
=
(
G+
1√
2
(
v +H + iG0
)) . (2.7)
This introduces a complex scalar field G+ and two real scalar fields H and G0. G+ and G0
correspond to three spinless Goldstone bosons. These massless scalar fields are present for
each spontaneously broken, continuous symmetry [47]. They are absorbed due to the gauge
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transformations by the electroweak gauge bosons of the SM. This mechanism provides the
longitudinal polarization components and the masses to the W and Z gauge bosons. The real
scalar field H is referred to as the SM Higgs boson field.
A non-zero vacuum expectation value v represents a ground state
Φ0 =
(
0
1√
2v
)
. (2.8)
The ground state is still invariant under U(1)em guaranteeing electric charge conservation. As
a result, the SM gauge symmetry U(1)Y ⊗SU(2)L⊗SU(3)C is broken into U(1)em⊗SU(3)C .
The vacuum expectation value can be expressed in terms of the Fermi constant GF that is
determined from muon decay measurements [48]. At tree level, the following relation holds:
v = 1√√
2GF
≈ 246 GeV. (2.9)
As shown in Equation (2.2d), the Lagrangian density of the field Φ consists of a kinetic
term and a potential. It is written with the most general, renormalizable and gauge invariant
potential:
V (Φ) = µ2Φ†Φ + λ(Φ†Φ)2. (2.10)
Two free parameters are introduced: The mass parameter µ and the quartic coupling parame-
ter λ. The minima of the potential define a dependence between both parameters by creating
a relation to the vacuum expectation value v of the ground state:
µ2 = −λv2. (2.11)
The sign of the squared mass parameter µ is not specified but is assumed to be negative in order
to trigger the electroweak symmetry breaking due to a Mexican-hat form of the potential [2].
Gauge invariance can be used to more easily identify the physics. Unitary gauge results in
G+ = G0 = 0 and the following unbroken doublet field:
Φ =
(
0
1√
2 (v +H)
)
. (2.12)
When inserting this field into the Higgs potential in the Lagrangian density (2.1), a tree level
mass term m2HH2 defines the mass mH of the Higgs boson as
m2H = −2µ2 = 2λv2. (2.13)
Mass terms for the electroweak gauge bosons, LV = 12m2V V µVµ, are generated by the Higgs
kinetic term. In Section 2.4, physical gauge bosons are introduced and the mass terms are
derived in this way.
Masses of fermions are introduced via Yukawa coupling terms to the Higgs doublet field Φ
as shown in (2.2e). The charge conjugated fields Φc present in these equations are defined as
Φc = iσ2Φ (2.14)
with the second Pauli matrix σ2 [46]. The masses of the fermions are thus proportional to
dimensionless Yukawa couplings yf and the vacuum expectation value v:
mf =
1√
2
vyf . (2.15)
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In Equation (2.2e), the Yukawa terms are introduced with diagonalized Yukawa matrices
y. The diagonalization is parameterized with a unitary matrix appearing in front of the
physical down type quark fields dj ∈ {d, s, b}. As a consequence, all down type quark fields
are represented in the weak eigenstate basis d′ i = {d′, s′, b′}. They are related to the physical
mass eigenstates dj by the CKM2 mixing matrix [49]:
d′i =
∑
j
V ijCKM d
j . (2.16)
A fit to current measurements [50] leads to the following magnitudes in the unitary 3×3 CKM
mixing matrix:
VCKM =
0.97425± 0.00022 0.2252± 0.0009 0.00415± 0.000490.230± 0.011 1.006± 0.023 0.0409± 0.0011
0.0084± 0.0006 0.0429± 0.0026 0.89± 0.07
 . (2.17)
An equivalent mixing between the mass eigenstates and the weak eigenstates occurs in the
neutrino sector [45].
2.4 Gauge Theory of Electroweak Interactions
The local gauge symmetry U(1)Y ⊗SU(2)L of the electroweak sector of the SM is the theoretical
basis for electroweak gauge boson scattering. It requires the presence of the electroweak gauge
bosons introduced within the covariant derivative (2.5).
In order to obtain photon fields without a coupling to neutrinos, the gauge bosons Bµ and
W aµ are required to mix in the following way:(
Aµ
Zµ
)
=
(
cos θw sin θw
− sin θw cos θw
)(
Bµ
W 3µ
)
(2.18)
W±µ =
1√
2
(
W 1µ ∓ iW 2µ
)
. (2.19)
This results in U(1)em ⊗ SU(2)w as the symmetry group of the physical electroweak gauge
boson sector. The photons are identified with the field Aµ and the Z and W bosons are
manifestations of the fields Zµ and W±µ . This linear transformation introduces the electroweak
mixing angle θw. It is related to the gauge couplings of SU(1)Y and SU(2)L introduced in
Equation (2.5)3:
tan θw =
gY
gw
. (2.20)
In the minimal subtraction renormalization scheme (MS [51]) with the renormalization scale
µr = mZ , the current best fit value is sin2θw = 0.23126(5) [2].
The electric charge Q as the generator of U(1)em is related to the weak hypercharge Y and
the third component of the weak isospin T3 by the Gell-Mann-Nishijima equation [52,53]:
Q = Y + T3. (2.21)
2Cabibbo-Kobayashi-Maskawa
3In literature with focus on the electroweak interactions, one often finds the notation g, g′ instead of gw, gY .
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Coupling constants are redefined in order to describe the interactions of the physical gauge
bosons. The electric coupling constant ge is equivalent to the unit electric charge e,
ge = e = gw sin θw = gY cos θw, (2.22)
and is related to the fine-structure constant αem,
αem =
e2
4pi . (2.23)
It is convenient to define a running αem, depending on the energy scale Λ of the process. At
very low energy the fine-structure constant is measured to be αem ≈ 1/137, whereas at Λ ≈ mZ
its value is close to 1/128 [2].
The coupling constant of the Z boson is defined as
gZ =
gw
cos θw
. (2.24)
Mass terms of the electroweak gauge bosons, as introduced by the kinetic term of the Higgs
sector after the electroweak symmetry breaking in Section 2.3, can now be written for the
physical gauge boson states:
mW =
1
2vgw (2.25a)
mZ =
1
2vgZ (2.25b)
mγ = 0. (2.25c)
This also explains the experimentally observed difference between the masses of the W bosons
and the Z boson4:
mW = mZ cos θw. (2.26)
2.5 Electroweak Scheme
The dynamics of the SM depends on 25 free parameters whose numerical values have to be
measured by the experiments. 13 parameters are the masses of the fundamental fermions and
the Higgs boson (or, equivalently, Yukawa couplings and the quartic coupling parameter). Six
mixing angles and two phases appear in the mixing matrices in the quark and lepton sector.
The strong coupling constant gs is introduced by the SU(3)C symmetry group.
The electroweak parameters αem, e, gw, gZ , gY , mW , mZ , θw, GF, v are related to each
other with just three remaining free parameters. A possible choice are the parameters GF,
mW and mZ which are all measured with a high precision [2]:
mW = 80.385(15) GeV (2.27a)
mZ = 91.1876(21) GeV (2.27b)
GF = 1.1663787(6)× 10−5 GeV−2. (2.27c)
4This equation is only valid at leading order and cannot explain the full experimentally observed difference.
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The remaining parameters are calculated from them based on the following tree level equations:
v =
(√
2GF
)−1/2 ≈ 246 GeV (2.28a)
θw = arccos (mW /mZ) ≈ 0.49 (2.28b)
gw = 2mW
√√
2GF ≈ 0.65 (2.28c)
gY = 2mZ
√√
2GF
√
1−m2W /m2Z ≈ 0.35 (2.28d)
gZ = 2mZ
√√
2GF ≈ 0.74 (2.28e)
e = 2mW
√√
2GF
√
1−m2W /m2Z ≈ 0.31 (2.28f)
αem = m2W
√
2GF(1−m2W /m2Z)/pi ≈ 1/132. (2.28g)
This choice is referred to as the GF electroweak scheme (sometimes also Gµ scheme) and is
applied for electroweak gauge boson scattering processes throughout this work. When consis-
tently applied, large logarithmic next-to-leading order corrections are absorbed and are smaller
compared to other schemes [54]. Other choices of the three free parameters are possible [55]
but presented leading order relations are required for the electroweak gauge boson scattering
processes at leading order in order to preserve the unitarity [23].
2.6 Particle Content of the Standard Model
All known elementary particles emerge as excitations of the fields covered in the last sections.
They can be classified into fermions and bosons according to their statistics. A detailed list of
all particles in the SM is shown in Table 2.2.
Fermions have half-integer spin and obey Fermi-Dirac statistics. The fundamental fermions
of the SM can be grouped into three generations with the same properties except their masses.
They are listed in Table 2.2. Elementary fermions have a spin of one-half and are subclassified
into two types: The leptons and the quarks.
Electrically charged leptons are the electron e−, the muon µ− and the tau τ−; each with
a corresponding antiparticle e+ (positron), µ+ (antimuon) and τ+ (antitau). The associated
electrically neutral leptons are the neutrinos: The electron neutrino νe, the muon neutrino νµ
and the tau neutrino ντ with the anti-neutrinos νe, νµ and ντ . Quarks and anti-quarks are
electrically charged particles with a charge of a multiple of one-third. Twelve types are part of
the SM: The up u, the down d, the strange s, the charm c, the bottom b and the top t quark
with the corresponding antiparticles u, d, s, c, b and t.
Bosons are particles with an integer spin obeying Bose-Einstein statistics. A detailed listing
of all fundamental bosons is shown in Table 2.2. In the SM there are two types of bosons, the
Higgs boson and the gauge bosons.
The Higgs boson is the only fundamental particle with a spin of zero. It is tied to the
electroweak symmetry breaking and the generation of the masses of the other bosons and the
fermions of the SM.
Gauge bosons have an inherent spin of one. Each gauge boson is associated to a force.
Three forces are described in the SM: The strong force, mediated by eight gluons Ga, is theo-
retically based on quantum chromodynamics (QCD) [56–61]. Photons are the force mediating
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bosons of the electromagnetic force, whose underlying theory is the quantum electrodynam-
ics (QED) [62–64]. Together with the mediators of the weak force, the three massive gauge
bosons W± and Z, they are the mediators of a combined electroweak force described within
the electroweak theory. The gravitation [65] as the forth fundamental force is described by
Einstein’s general relativity [66]. Many theories have been developed to unify the SM and the
general relativity [67,68] with non of them being experimentally verified.
Table 2.2: Particle content of the SM [2]. Fermions are shown with the symbol, the full
name and the experimental mass m. Antiparticles are not shown but comprise the same
mass as the respective particle. Gauge bosons, the interactions they are mediating and
the corresponding symmetry groups are shown below. Experimental masses m, electric
charges Q and spins S as the key properties are listed.
fermions m / MeV
1s
t
ge
ne
ra
tio
n e− electron 0.511
νe electron neutrino < 2× 10−6 (95% CL) 5 6
u up quark 2.3 +0.7−0.5 (MS, µ = 2 GeV) 7
d down quark 4.8 +0.5−0.3 (MS, µ = 2 GeV)
2n
d
ge
ne
ra
tio
n µ− muon 105.658
νµ muon neutrino < 0.19 (90% CL)
c charm quark 1275± 25 (MS, µ = mc)
s strange quark 95± 5 (MS, µ = 2 GeV)
3r
d
ge
ne
ra
tio
n τ− tau 1776.82± 0.16
ντ tau neutrino < 18.2 (95% CL)
t top quark (160.0 +4.8−4.3) · 103 (MS, µ = mt)
b bottom quark 4180± 30 (MS, µ = mb)
bosons interaction symmetry group m / GeV Q S
γ photon el.-mag. U(1)em < 10−27 0 1
W W bosons weak SU(2)w 80.385± 0.015 ±1 1
Z Z boson weak SU(2)w 91.1876± 0.0021 0 1
Ga gluons strong SU(3)C 0 8 0 1
H Higgs 125.9± 0.4 0 0
5678
5The masses of the flavor eigenstates νe, νµ, ντ can be defined with the unitary mixing matrix U`i:
m2ν` =
∑
i
|U`i|2m2νi , ` ∈ {e, µ, τ} [45] based on the neutrino mass eigenstates ν1, ν2, ν3.
6The confidence level (CL) is a quantification of the likelihood of a true parameter to be included inside a
given confidence interval [69].
7Quark masses are dependent on the renormalization scheme and the scale µ [70]. The values of the quark
masses are shown for the modified minimal subtraction scheme MS.
8A theoretical value. A mass of as large as a few MeV may not be precluded [71].
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In this chapter electroweak gauge boson scattering1 (VBS) is presented and theoretically in-
troduced as an inherent part of the Standard Model of particle physics.
The electroweak and the strong V Vjj processes are classified and are visualized by Feynman
diagrams. As a basis for the event selections covered in Chapter 7, inherent differences in the
signature between both classes of processes are outlined. Finally, different bosonic final states
with their individual decay channels are discussed.
3.1 Feynman Rules
All SM Feynman rules containing electroweak gauge bosons are required in order to visualize
and calculate the electroweak gauge boson scattering processes, even at the leading order in
perturbation theory. Furthermore, the Higgs boson is included in the VBS processes. This
makes these processes theoretically and computationally challenging.
This section covers all Feynman rules describing the interactions between the bosons and
the fermions as well as the bosonic self-interactions that are present in VBS processes (see
Section 3.2). The remaining Feynman rules can be found in the literature [72]. The vertices
contain the corresponding coupling constants gw, gZ and e = ge. In the following, all vertices
are expressed with factors of e by applying the leading order Equations (2.22) and (2.24)
following the notation in [73]. All momenta are considered as incoming. Feynman rules are
expressed in the momentum space and describe the particles as well as the antiparticles based
on their common quantum field (see Section 2.2).
3.1.1 Charged and Neutral Current Interactions
The interactions between the gauge bosons and the fermions include mixed vector (γµ) and
axial vector (γµγ5) terms (V-A interaction). No axial vector coupling is present for the photon γ
represented by the field A. The vertices include coupling constants dependent on the gauge
boson type, the lepton charge Q and the weak isospin T3 of the involved leptons. The quantum
numbers and parameters are introduced in Chapter 2.
ψ
ψ′
Vµ
= i e γµ(CVψψ′V − CAψψ′V γ5)
CVψψ′W = CAψψ′W = 12√2 sin θw
CVψψA = −Q and CAψψA = 0
CVψψZ = T32 sin θw cos θw −Q sin θwcos θw and CAψψZ = T32 sin θw cos θw
1This process is often referred to as “vector boson scattering” (VBS). All particles with a spin equal to one are
named vector bosons. In the SM, these are the fundamental gauge bosons and composite mesons. This work
covers the scattering of the electroweak gauge bosons, γ, W and Z, a subset of all vector bosons. Especially,
the gauge bosons of the strong interaction, gluons G, are not considered.
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3.1.2 Triple Electroweak Gauge Boson Vertices
In the SM just charged triple gauge boson vertices are allowed: W+W−V with V ∈ {Z,A}.
Compared to the boson-fermion vertices, the Feynman rules include momentum factors. Each
vertex contributes a factor of e with additional factors CWWV of the order of one.
W+µ
W−ν
Vρ
= i e CWWV [gµν(k+ − k−)ρ + gνρ(k− − kV )µ + gρµ(kV − k+)ν ]
CWWZ = cos θw/ sin θw
CWWA = −1
3.1.3 Quartic Electroweak Gauge Boson Vertices
Just charged quartic electroweak gauge boson vertices can be derived from the Lagrangian (2.1):
W+W−V V ′ with V V ′ ∈ {W+W−, ZZ, ZA,AA}. Compared to the triple gauge boson vertices,
an additional coupling factor of e appears. The vertices are independent on any momentum
and just combinations of Dirac matrices have to be considered during calculations.
W+µ
W−ν
V ′σ
Vρ = i e2CWWV V ′ [2gµνgρσ − gµρgσν − gµσgνρ]
CWWWW = 1/ sin2 θw
CWWZZ = − cos2 θw/ sin2 θw
CWWZA = cos θw/ sin θw
CWWAA = −1
3.1.4 Higgs Boson Vertices
The SM Higgs boson H couples to W and Z bosons with the corresponding vertex shown
below. It is proportional to the electric coupling constant e and the corresponding gauge
boson mass mV . Factors CV V H of the order of one are defined by the following equations.
Vµ
Vν
H
= −i e CV V HmV gµν = −2im2V gµν/v
CWWH = 1/ sin θw
CZZH = 1/(sin θw cos θw)
In addition, the following fundamental vertices involving the SM Higgs boson are present in
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the SM [74]. They have no, or no dominant, contribution to the VBS processes.
gHψψ = imf/v
gHHVµVν = −2im2V gµν/v2
gHHH = 3im2H/v
gHHHH = 3im2H/v2
3.2 Process Definition
Gauge bosons cannot be accelerated independently. Due to the lack of direct gauge boson
beams, VBS is studied at the LHC via gauge bosons radiated off the incoming quarks within
the colliding protons. This results in final states with two bosons V V and two quarks jj. In
experiments, massive bosons and virtual photons are detected via their decay products while
photons on their mass-shell can interact directly with the material in the detector. The final
state quarks are observable as jets (see Section 7.8).
3.2.1 Leading Order in Perturbation Theory
The na¨ıve definition of VBS as all processes with V V → V V subprocesses is not well-defined
theoretically. Additional Feynman diagrams have to be added in order to preserve gauge
invariance [75].
A possible set of well-defined processes, V Vjj-EW, is shown in Table 3.1 visualized by
tree level Feynman diagrams. Although the table is meant to represent a complete list of all
possible processes, the presented diagrams are symbolic representations of similar diagrams
as obtained by shifting vertices to different propagators. Furthermore, not all diagrams are
allowed in all bosonic final state configurations.
When comparing to the Feynman rules presented in Section 3.1 and by neglecting terms with
sin θ and cos θ, all diagrams share the same order of the electric coupling constant, e6. Cross
sections, calculated by integrating squared absolute matrix elements, are proportional to the
sixth power of the electroweak coupling constant αem introduced in Equation (2.23). Based
on these definitions, no diagrams with strong interactions are allowed at leading order. This
feature is the reason for the name V Vjj-EW. The process is also referred to as electroweak
V Vjj production throughout this work.
The smallest set of gauge invariantly separable Feynman diagrams is obtained by removing
processes with s-channel V → jj final states, labeled V V (V → jj) in Table 3.1, from the
set of V Vjj-EW processes. By including these diagrams into the definition of V Vjj-EW the
process is well defined by its initial state, the final state and the order of the electroweak and
the strong coupling constants.
Remaining Feynman diagrams at leading order sharing the same initial and final state
contain strong interaction vertices. They are named V Vjj-QCD or strong V Vjj production
throughout this work and share the same order of the coupling constants: α4emα2s . They are
the largest backgrounds in most electroweak gauge boson scattering analyses (see Table 3.4).
On the other hand, a dedicated measurement of these processes, also in combination with
V Vjj-EW including possible interference, was only published for the first time in the context
of this work [22].
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Table 3.1: Feynman diagrams of diboson production in association with two jets at tree
level. Although this is supposed to be a complete list, some diagrams are understood as
representations of a whole set of diagrams with e.g. one final state gauge boson moved
to another leg. If not required in order to construct a well-defined Feynman diagram, the
possible decay products of the final state gauge bosons are not shown for simplicity.
V
V
jj
-E
W
|M
LO E
W
|2
∝
α
6 em
with ≡ VBS
V V jj
non-resonant
V V (V → jj)
V
V
jj
-Q
C
D
|M
LO Q
C
D
|2
∝
α
4 em
α
2 s
3.2.2 Next-to-Leading Order in Perturbation Theory
Differences between the SM simulations and the experimental observations might be misinter-
preted as phenomena of new physics if higher orders in the perturbation theory are contributing
and are not fully taken into account. Calculations and simulations of leading order electroweak
and strong V Vjj production processes are available in various event simulation frameworks
(see Section 5.2). At next-to-leading order, they are not finished at the time of this work.
A visualization of the contributions to virtual next-to-leading order corrections is shown in
Table 3.2. Each process is represented by a typical Feynman diagram. Real emissions and
counter terms are needed in addition to regularize infrared and collinear divergencies. Details
can be found in the following literature summarized in Table 3.3.
V Vjj-EW and V Vjj-QCD processes have been calculated and theoretically studied at next-
to-leading order in perturbative QCD. The publications are summarized in Table 3.3. Pure
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Table 3.2: Feynman diagrams of diboson production in association with two jets at next-
to-leading order. Just one-loop virtual corrections to the Born processes (see Table 3.1)
are summarized here with one representative Feynman diagram. Real emission diagrams
and counter terms to regularize infrared and collinear divergencies can be found in the
literature summarized in Table 3.3. Next-to-leading EW (QCD) corrections are marked
by αem + 2 (αs). Corrections contributing to both, the electroweak and the strong V Vjj
production, are named MNLOEW ,QCD.
V
V
j j
-E
W |M
|2
∝
α
7 em
×
Mαem+2EW × MLOEW
∗
|M
|2
∝
α
6 em
α
s (
+ +
)
×
(Mαs+2EW + M
αem+2
QCD + MNLOEW,QCD) × MLOEW
∗
V
V
jj
-Q
C
D
|M
|2
∝
α
5 em
α
2 s (
+ +
)
×
(Mαs+2EW + M
αem+2
QCD + MNLOEW,QCD) × MLOQCD
∗
|M
|2
∝
α
5 em
α
2 s
×
Mαs+2QCD × MLOEW
∗
|M
|2
∝
α
4 em
α
3 s
×
Mαs+2QCD × MLOQCD
∗
electroweak, Mαem+2, and mixed electroweak-strong, MNLO), corrections are still missing for
the V Vjj production. When relying on the GF electroweak scheme introduced in Section 2.5,
these corrections are suppressed [54]. In detail, the electroweak corrections to V Vjj-QCD
contributing to next-to-leading order V Vjj-EW (|M |2 ∝ α6emαs, see Table 3.2) are color sup-
pressed and are supposed to be small. On the other hand, the electroweak corrections to
V Vjj-EW resulting in |M |2 ∝ α7em are supposed to be relevant [73]. The electroweak correc-
tions in a logarithmic high-energy approximation and an effective vector boson approximation
are estimated for the e+e− → νeν¯eW+W− process at the ILC [91] with a center-of-mass energy
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Table 3.3: Publications for next-to-leading order QCD corrections to V Vjj-EW and
V Vjj-QCD processes.
V Vjj W±W±jj W+W−jj WZjj ZZjj
V Vjj-EW [76–80] [81–84] [85,86] [87,88]
V Vjj-QCD [77,78,80,89] [82,83] [86] [90]
of
√
s = 1 TeV. They are found to be negative and of the order of ten percent but increase
with energy reaching up to 50% in the TeV range [92]. No similar calculations for the LHC
scenario are currently available.
3.3 Differences between Electroweak and Strong V Vjj
Processes
Common between all V Vjj processes are characteristic signatures for the final state quarks,
gluons and bosons. These signatures are accessible by the jets and the bosonic decay products
in scattering analyses. In some final state channels like dileptonically decaying ZZjj pro-
duction, the full information on the final state bosons can be reconstructed from their decay
products based on an assignment algorithm. In other final states like W±W±jj production,
this is not possible and dedicated variables have to be studied.
In the following, Vbfnlo [55, 93] is used to generate events according to the phase space
selections and settings covered in detail in Section 5.3.1. Ten million weighted events per
final state are produced and are processed with Rivet [94] in order to extract the kinematic
distributions.
3.3.1 Jet Kinematics
Two high energetic jets are present in the electroweak and the strong V Vjj production. As
shown in the left plots of Figure 3.1 for the W±W±jj processes, the jets of the electroweak
processes tend to have larger energies. In addition, these jets are more forward in terms of
the rapidity (middle plots, see Section 6.2.1). Final state jets of the strongly produced V Vjj
processes tend to have lower transverse momenta. However a larger number of jets is found in
the tail of the distributions as a consequence of more central jets.
A resulting feature for V Vjj-EW is a larger rapidity separation and an invariant mass of the
two leading jets compared to V Vjj-QCD production. This is shown in the left and the middle
plot of Figure 3.2. Furthermore, these two jets are usually situated at opposite hemispheres of
the detector while the sign of the rapidity shows no correlation for the jets from the strong V Vjj
processes. The shift to negative rapidity product for the electroweak production is well visible
in the right plot of Figure 3.2. The two hardest jets of the V Vjj production are referred to
as the “tagging jets” due to their signature and their use for separating the electroweak from
the strong production and other backgrounds. They are also studied and applied in Higgs
analyses [95]. The hardness of the jets is quantified by the transverse momentum with the
leading jet labeled j1 and the subleading jet labeled j2 in this work.
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Figure 3.1: Kinematic distributions of the leading jet (j1 , largest transverse momentum,
top row) and the subleading jet (j2 , second-to-largest transverse momentum, bottom row)
for the electroweak (red) and the strong (blue) W±W±jj production. The figures show
the corresponding jet energies (left), the jet rapidities (middle) and the jet transverse
momenta (right). All distributions are normalized to unit area. The phase space selection
is covered in Section 5.3.1.
3.3.2 Lepton Kinematics
The kinematic distributions of the leptons in leptonically decaying V Vjj production are com-
pared for electroweakly and strongly mediated V Vjj processes in Figure 3.3. All distributions
are normalized to unit area.
In the top row, the pseudorapidity difference, the azimuthal angle difference and the normal-
ized transverse momentum difference between the leptons in W±W±jj production are shown.
The lepton with the largest (second-to-largest) transverse momentum is labeled `1 (`2). While
leptons of the electroweak production are found to be closer in terms of pseudorapidity com-
pared to strong production, no significant differences are observed for the other parameters.
As shown in Appendix B.3, the leptons in the electroweak production tend to be more central
in terms of the pseudorapidity compared to the strong production for W±W±jj and WZjj
final states. This is a direct consequence of more central bosons for the electroweak processes
and their collinear decays.
The second row of Figure 3.3 shows the missing transverse momentum for W±W±jj pro-
duction with no large difference between the two production modes. Shown in the middle and
the right plot are the invariant mass of the bosons for W±W±jj and WZjj production based
on the neutrino(s) from the hard interaction. Strong production of W±W±jj tend to have
larger invariant masses compared to the electroweak process. The distribution has no events
17
3 Electroweak Gauge Boson Scattering
EW
QCD
10−8
10−7
10−6
10−5
10−4
10−3
Invariant mass of leading and subleading jet
d
σ
/
d
M
[f
b
/
G
eV
]
0 500 1000 1500 2000 2500 3000 3500 4000
0
1
2
3
4
5
6
7
8
9
M(j1 j2) [GeV]
R
a
ti
o
EW
QCD
10−5
10−4
10−3
10−2
10−1
Absolute rapidity difference between leading and subleading jet
d
σ
/
d
y
[f
b
]
0 2 4 6 8 10
0
1
2
3
4
5
6
7
8
9
∆y(j1, j2)
R
a
ti
o
EW
QCD
10−6
10−5
10−4
10−3
10−2
10−1
Rapidity product of tagging jets
d
σ
/
d
y
[f
b
]
-30 -20 -10 0 10 20 30
0
1
2
3
4
5
6
7
8
9
y(j1)× y(j2)
R
a
ti
o
Figure 3.2: Distributions parameterizing the tagging jet correlations for the electroweak
(red) and the strong (blue) W±W±jj production. Shown are the invariant mass (left),
the rapidity difference (middle) and the rapidity product (right) of the leading and the
subleading jet. All distributions are normalized to unit area.
below the kinematic bound of M(WW ) = 2mW . In contrast, the opposite is observed for
WZjj production with a similar shape for the electroweak and the strong production at large
invariant boson pair masses. The kinematic bound is at M(WZ) = mW due to the possibility
of virtual photons. The region at low invariant masses is dominated by the strong production.
The different behavior of the strong V Vjj production between both bosonic final states might
be connected to missing gluon contributions in the initial state of W±W±jj-QCD processes
compared to WZjj-QCD. Differences should also be interpreted with the normalization to
unit area in mind that is applied to all results presented here.
Interplay between the leptons and the tagging jets can be parameterized by centralities.
Different definitions of the centralities are possible. Examples are discrete functions similar
to the central jet veto presented in Section 7.15 or an outside lepton veto. An example of a
continuous variable is the Zeppenfeld variable [96]. Centralities ζ defined in this work were
introduced in [97] but are consistently extended to an arbitrary number of input objects. They
are positive if all input objects are within the tagging jets in terms of the pseudorapidity and
negative otherwise. The absolute value of the centrality depends on the object position with
respect to the tagging jets. If at least one object is found outside of at least one tagging
jet, the centrality corresponds to the largest distance between the objects and the respective
closest tagging jet. If all objects are inside the central interval defined by the two tagging jets,
the centrality corresponds to the smallest distance. This can be expressed with the following
equation:
ζ = min{∆η−,∆η+}, (3.1)
with
∆η− ≡ min{ηi} −min{ηj1 , ηj2} (3.2)
∆η+ ≡ max{ηj1 , ηj2} −max{ηi}. (3.3)
The variable i represents the objects the centrality is based on. Lepton centralities like ζ`` or
ζ``` for the W±W±jj or the WZjj final states use the information of the final state leptons. In
the WZjj final state, the pseudorapidities of the W and Z bosons can be reconstructed based
on an assignment algorithm, the final state leptons, the missing transverse momentum and the
mass of the W boson (see Section 7.14) – the input to a boson centrality ζWZ . Lepton and
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boson centralities for W±W±jj and WZjj production are shown in the last line of Figure 3.3.
They provide a clear discrimination between the electroweak and the strong production modes.
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Figure 3.3: Kinematic distributions of the leptons for the electroweak (red) and the strong
(blue) W±W±jj production with leptonically decaying bosons. All distributions are nor-
malized to unit area. Invariant masses in the middle row are calculated based on the
neutrino(s) from the hard interaction. The invariant mass of the WZ pair is shown for
the WZjj final state. Centralities as shown in the lower row for the W±W±jj and the
WZjj final states are defined in the main text.
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3.4 Differences between V Vjj Final States
Abbreviated as V Vjj-EW, all combinations of electroweak gauge bosons V ∈ {W,Z, γ} are
possible final states of the electroweak gauge boson scattering processes. In experiments, just
the decay products of these bosons, except for the case of real photons in the final state, can
be observed. Due to electrons, muons, taus, neutrinos and quarks as possible decay products,
the number of final states to study is even larger.
In this section, just final states with at least two leptons, defined as electrons or muons
according to Appendix A, are taken into account reducing the number of combinations. This
choice is meant to select the most promising channels for a study with interaction recorded by
the ATLAS detector at the LHC (see Chapter 6). Although this assumption is not checked
in full detail, it is driven by basic considerations: The ATLAS detector has high efficiency for
lepton identification, whereas neutrinos are just detected indirectly by the missing transverse
momentum (see Section 7.9). Final state quarks resulting in detectable jets are usually polluted
with objects from additional interactions and exhibit lower identification efficiencies compared
to leptons. On the other hand, the branching fraction of gauge boson decays favors quarks
compared to leptons. Photons in the final state provide the advantage of a branching fraction of
one and a direct detection. Although a high sensitivity to electroweak gauge boson scattering is
expected for the channels involving photons, this is not explicitly taken into account here (only
together with at least two leptons) since a final goal would be the extraction of longitudinal
gauge boson scattering not existing for processes involving photons.
Cross sections for the V Vjj-EW and the V Vjj-QCD production processes are shown in
Table 3.4. Additional dominant experimental backgrounds are mentioned in the last column.
All values are calculated with the Sherpa [98–101] event generator. The settings and the phase
space cuts are chosen to be close to a possible electroweak gauge boson scattering analysis with
the ATLAS detector at the first run of the LHC:
– proton-proton interactions at a center-of-mass energy of
√
s = 8 TeV
– GF electroweak scheme (see Section 2.5)
– parton distribution function: CT10 [102]
– fixed factorization and renormalization scales: µf = µr = 2mW
– leptons: pT > 15 GeV, |η| < 2.5
– jets: N ≥ 2, pT > 30 GeV, |η| < 4.5, selected with anti-kT clustering algorithm [103]
using a radius parameter of R = 0.4
– invariant mass between the two jets with the largest transverse momentum:
M(j1j2) > 500 GeV
– if Z → `` subprocesses are involved: |M(``)−mZ | < 25 GeV
– if photons in the final state: pT > 15 GeV, ∆R(γ, `) > 0.1, ∆R(γ, j) > 0.1
– for hadronically decaying gauge bosons: same jet criteria as above
Electroweak production of W±W±jj → `ν`νjj processes are unique compared to all other
channels by featuring about three times larger cross section compared to V Vjj-QCD. This can
be understood by missing gluons in initial states of the strong production, a unique feature
of W±W±jj production. Another advantage is a relatively large V Vjj-EW cross section
compared to other bosonic final states. As a result, this channel has been selected for the first
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Table 3.4: Cross sections σ of the electroweak and the strong V Vjj production processes
at the LHC. The results are obtained from Sherpa with the settings explained in the main
text. All final states with at least two leptons (see Appendix A for the naming convention)
are shown. The uncertainties of the cross section are statistical uncertainties estimated
by Sherpa. In the last column typical dominating experimental backgrounds are collected.
The phase space cuts are covered in the main text.
V Vjj final states σ(V Vjj-EW) / fb σ(V Vjj-QCD) / fb experimental backgrounds
W±W± `ν`νjj 4.28± 0.01 1.69± 0.02 dileptonic WZ decay
charge flip, fake leptons
W+W− `ν`νjj 15.57± 0.08 35.24± 0.13 dileptonic tt¯ decay
fake leptons
ZZ ``ννjj 0.39± 0.01 0.55± 0.01 dileptonic WW decay
dileptonic tt¯ decay
fake leptons
ZV ``jjjj 0.98± 0.07 3.13± 0.22 Z+jets
Zγ ``γjj 9.24± 0.02 71.28± 0.33 fake photon
WZ `ν``jj 2.36± 0.01 7.19± 0.01 dileptonic ZZ decay
fake leptons
ZZ ````jj 0.12± 0.01 0.21± 0.01 fake leptons
ATLAS publication of electroweak gauge boson scattering [22].
Analyses of trileptonic final states, WZjj → `ν``jj, are accompanied by low additional
backgrounds due to the three leptons and a neutrino resulting in missing transverse momentum
in the event. Furthermore, a cut on the invariant mass of the leptons associated to the
Z boson around the mass of the Z boson suppresses backgrounds due to tt¯ and single Z boson
production with one additional fake lepton. Because of these good features and the lack of
results in this final state the WZ channel is selected as the main analysis goal of this work.
It also features a relatively large cross section of the electroweak production compared to the
other final states. Given the presented cross section, about 50 collision events are expected
with an ideal ATLAS detector based on the full LHC dataset of 2012 (see Chapter 7).
A visual representation of the production cross sections for all final states is shown in Fig-
ure 3.4. The results are shown for proton-proton collisions at a center-of-mass energy of√
s = 8 TeV and are compared to the values obtained for the expected center-of-mass energy
of the forthcoming LHC run of
√
s = 13 TeV (see Section 6.1).
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W±W± W+W− ZZ → 2` ZV Zγ WZ ZZ → 4`0
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Figure 3.4: Production cross sections σ for the electroweak and the strong V Vjj produc-
tion. The decay channels are identical to what is shown in Table 3.4 and feature at least
two leptons in the final state. All results are obtained from Sherpa. Detailed parameter
and phase space settings are covered in the main text. The cross sections are presented
for proton-proton collisions at a center-of-mass energy of
√
s = 8 TeV and are compared
to values obtained for
√
s = 13 TeV . The values for W+W− and Zγ final states are
scaled-down by a factor of ten to increase the visibility.
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Boson Interactions
Anomalous contributions to the electroweak gauge boson scattering processes in terms of
anomalous quartic electroweak gauge couplings are introduced in this chapter based on an
effective field theory ansatz. The Standard Model Lagrangian is extended by additional terms
fulfilling certain basic assumptions predetermined by the theory and experiments. All sup-
plementary terms are suppressed by a scale of new physics Λ to account for the current ex-
perimental exclusions. By treating the resulting effective Lagrangian in the same way as the
Standard Model pendant, the influence of the physics beyond current experimental reach on
the physics studied at the LHC can be derived.
The concept of unitarity, intrinsically tied to electroweak gauge boson scattering, is intro-
duced. Inevitable unitarization of anomalous quartic electroweak gauge boson processes is
discussed and different prescriptions are outlined.
4.1 Effective Theory of Muon Decay
In the early days of particle physics, with the W gauge boson not yet known, the charged
currents leading to the β-decay have been described by a contact interaction. Enrico Fermi
has proposed the following effective Lagrangian,
L = − 1Λ2F
JµJ†µ = −
GF√
2
JµJ†µ, (4.1)
with the charged currents Jµ =
∑
` ν¯`γµ(1−γ5)`, the Fermi scale ΛF and the Fermi constant GF
defined as
GF√
2
≡ 1Λ2F
. (4.2)
Using Fermi’s golden rule [104], the decay width of a muon into an electron and two neutrinos
can be calculated using this effective Lagrangian:
Γ(µ→ eν¯eνµ) =
m5µ
96pi3Λ4F
=
G2Fm
5
µ
192pi3 . (4.3)
From the measurements of the muon lifetime and mass, the Fermi constant and the Fermi
scale can be derived [2]:
ΛF ≈ 350 GeV (4.4)
GF = 1.166 378 7(6)× 10−5 GeV−2. (4.5)
When starting with the knowledge about the full Standard Model Lagrangian including the
W bosons, the contact interactions is replaced by the W propagator. Since typical momenta
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involved in muon decays are small compared to the mass of the W boson, the propagator can
be expanded:
1
p2 −m2W
= − 1
m2W
+ O
(
p2
m2W
)
. (4.6)
Adding Feynman rules for both vertices, the same result for the decay width as in Equa-
tion (4.3) is obtained when using leading order calculations and the following identity:
GF√
2
= g
2
w
8m2W
. (4.7)
Up to corrections in p2/m2W , the effective theory proposed by Fermi is thus equivalent to
the Standard Model interaction. The scale of the effective Lagrangian, ΛF ≈ 350 GeV, is of
the order of the mass of the W boson and therefore corresponds to the scale of new physics
from the view of the Fermi theory.
4.2 Effective Theory of Electroweak Interactions
Extensions of the electroweak sector and electroweak gauge boson scattering beyond the Stan-
dard Model might appear just above the electroweak scale, around the TeV scale or even
beyond. If new physics enters around the electroweak scale reachable by the LHC, a direct
search for dedicated models would be the preferred way. In this work, the energy scale of new
physics is assumed to be well above energies reached by the LHC. In this case new degrees of
freedom cannot be produced directly but change the interaction between the known Standard
Model particles. The effects can be parameterized employing an effective Lagrangian with a
given scale of new physics Λ. In the most general form, the Standard Model Lagrangian is
extended by additional operators O(d)i of dimension d and additional dimensionless coupling
parameters α(d)i :
Leff = LSM +
∑
d≥4
∑
i
α
(d)
i
Λd−4O
(d)
i . (4.8)
As soon as a theory describing new physics is developed, the coupling parameters α(d)i will be
fixed by internal constraints. While parameterizing and measuring effects beyond the Standard
Model the parameters are kept free and limits can be derived by experimental measurements.
This is the approach taken in this work.
Only operators with even dimension can be added if the baryon and lepton numbers are
conserved [105]. At the time of this work, operators beyond dimension eight are not considered
as a result of being highly suppressed by the scale of new physics to the power of at least six.
4.2.1 Operator-Dimension d = 4
In the Standard Model Lagrangian, operators of dimension four are forming the kinetic gauge
boson terms as well as the Higgs boson terms resulting in gauge boson self-interactions and
Higgs couplings (see Equation (2.2d)).
Traditionally, before the Higgs boson has been discovered, these operators have been gener-
alized to account for new physics in the electroweak and the Higgs sector. The building blocks
are all Standard Model fields as well as a field Σ parameterizing the longitudinal degrees of
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freedom. The constructed Lagrangian, referred to as the electroweak chiral Lagrangian [106],
is supplemented by additional operators of dimension four inducing effects at next-to-leading
order in E/Λ. 19 linearly independent operators can be added [107–109] with just five re-
specting isospin custodial symmetry [110] and conserving CP . Two operators are left that are
generating just quartic gauge boson interactions. By using the definition Vµ ≡ (DµΣ)Σ†, these
operators can be written in the following way:
O
(4)
4 = [Tr (VµVν)]
2 (4.9)
O
(4)
5 = [Tr (VµV µ)]
2 . (4.10)
The corresponding parameters are referred to as α4 and α5 with the superscript d = 4
from (4.8) being omitted:
Leff = L chiralSM + α4O
(4)
4 + α5O
(4)
5 . (4.11)
4.2.2 Operator-Dimension d = 6 and d = 8
At operator-dimension six, ten linearly independent additional operators can be added, with
just six conserving the CP symmetry. While O(6)WWW , O
(6)
W and O
(6)
B affect triple and quar-
tic gauge couplings, O(6)Φd , O
(6)
ΦW and O
(6)
ΦB modify the couplings of the Higgs to the gauge
bosons [105] and will also affect electroweak gauge boson scattering processes.
Operators of dimension eight give rise to just quartic gauge vertices. 18 linearly independent
operators can be constructed, usually grouped into O(8)S,{0,1} without derivatives of the Higgs
field, O(8)M,{0,...,7} containing derivatives of the Higgs field and gauge boson field strength tensors
and O(8)T,{0,1,2,5,...,9} with just the bosonic field strength tensors included.
By adding these operators, the general effective Lagrangian introduced in Equation (4.8)
has the following form:
Leff = LSM +
∑
i =
WWW,W,B,
Φd,ΦW,ΦB
ci
Λ2O
(6)
i +
∑
j= 0,1
fS,j
Λ4 O
(8)
S,j +
∑
k= 0,...,7
fM,k
Λ4 O
(8)
M,k +
∑
l =
0,1,2,
5,...,9
fT,l
Λ4 O
(8)
T,l . (4.12)
Since just fields contained within the operator are influenced, not all operators can be studied
in each final state. This work is focusing on operators of dimension eight as they are influencing
just the quartic gauge boson coupling. At the LHC, they can only be studied in electroweak
gauge boson scattering processes V Vjj and in triple gauge boson production V V V . A list of
all operators of dimension eight affecting electroweak V Vjj and V V V final states is shown in
Table 4.1.
A general conversion between parameters of operators with different dimension is not pos-
sible. However, a conversion depending on the actual vertex can be derived. The traditional
anomalous quartic electroweak gauge boson parameters α4 and α5 of the operators O(4){4,5}
and O(8)S,{0,1} with dimension four can be translated into two parameters of operator-dimension
eight. When defining
k ≡ v
4
16 ≈
TeV4
4353 , (4.13)
the conversions can be written in the following way [105,111]:
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Table 4.1: Anomalous quartic electroweak gauge coupling parameters of the operator-
dimension eight. A cross (x) indicates a dependence of the final state on the corresponding
parameter. The results are extracted based on [105].
V Vjj final states ZZ Zγ W
+W−
W±W± Wγ
γγ WZ
V V V final states ZZZ ZZγ WWZ WWW WVγ γγγ
Zγγ WZZ
fS,0, fS,1 x o x x o o
fM,0, fM,1, fM,6, fM,7 x x x x x o
fM,2, fM,3, fM,4, fM,5 x x x o x o
fT,0, fT,1, fT,2 x x x x x x
fT,5, fT,6, fT,7 x x x o x x
fT,8, fT,9 x x o o o x
WWWW vertex:
α4 = 2k
fS,0
Λ4 (4.14)
α4 + 2α5 = 2k
fS,1
Λ4 (4.15)
WWZZ vertex:
α4 = k
fS,0
Λ4 (4.16)
α5 = k
fS,1
Λ4 . (4.17)
4.3 Unitarity
If the probabilities of everything that can happen in an experiment are summed up, the answer
is “one”. This follows from basic axioms of probability [112] and is referred to as unitarity
conservation.
Effective field theories can result in a violation of the unitarity. Nature ensures that unitarity
is conserved once the full model is known. Thus, a breaking of the unitarity is unphysical and
the expansion in the effective field theory would be no longer valid. The resulting consequences
are discussed in this section.
4.3.1 Fermi Theory
The effective theory of the weak beta decay presented in Section 4.1 is valid up to energies of
about
ΛF ∼ 1√
GF
∼ 350 GeV. (4.18)
Beyond this energy scale the unitarity is violated [113]. In a full model new physics should
emerge around this scale. Today it is known that Fermi’s interaction is mediated by the heavy
W gauge bosons with a mass just below 100 GeV.
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4.3.2 Standard Model Higgs and Electroweak Gauge Boson Scattering
In the SM without a Higgs boson the scattering of transversally (T) polarized electroweak
gauge bosons V does not depend on the energy E:
M (VTV{T,L} → VTV{T,L}) = O(E0). (4.19)
This is different in the case of pure longitudinal polarization. The amplitude is proportional
to the squared energy. In the case of W+W− → W+W− scattering at leading order the
following relation can be derived1:
M
(
+ +
)
= −14g
2
w
u
m2W
+ O
(
(E/mW )0
)
. (4.20)
The amplitude grows as the center-of-mass energy increases resulting in a violation of unitarity
beyond
√
s ∼ 1.2 TeV [114,115].
Since the Higgs boson is present in the SM the following contributions have to be added [116]:
M
(
+
)
= −14g
2
w
[
(t− 2m2W )2
m2W (t−m2H)
+ (s− 2m
2
W )2
m2W (s−m2H)
]
(4.21)
= 14g
2
w
u
m2W
+ O
(
(E/mW )0
)
for s m2H ,m2W . (4.22)
The latter amplitude and hence the existence of the SM Higgs boson cancels the quadratic rise
in the energy of the first amplitude for energy scales beyond the mass of the Higgs boson. The
unitarity of purely longitudinal electroweak gauge boson scattering in the SM is preserved.
Cross sections for W+W− → W+W− scattering processes for different gauge boson pair
center-of-mass energies are shown in Figure 4.1. The Standard Model case is compared to the
process with the Higgs boson being disabled. Furthermore, the process with an anomalous
quartic electroweak gauge coupling of α4 = 0.1 is shown with and without K-matrix unita-
rization as introduced in Section 4.3.3. In this plot, the transverse momentum of the gauge
bosons is required to exceed 10 GeV. The kinematic bound at the mass of the gauge boson
pair and the rise due to the unitarity violation for high center-of-mass energies in the case of
no Higgs boson and no unitarization are visible. Results for the remaining electroweak gauge
boson scattering processes are collected in Appendix C.
4.3.3 Unitarization
Additional operators can result in the breaking of unitarity, even with the existence of the SM
Higgs boson. Typical operators of dimension eight will break the unitarity at lower energy
scales compared to the operators of a lower dimension as a result of a larger exponent of the
new physics scale in the denominator.
1Mandelstam variables s, t, u are used here. They have a dimension of squared energy and are defined for two
incoming (four-momenta p1, p2) and two outgoing (p3, p4) particles.
• s = (p1 + p2)2 = (p3 + p4)2
• t = (p1 − p3)2 = (p2 − p4)2
• u = (p1 − p4)2 = (p2 − p3)2
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Figure 4.1: Cross sections for electroweak gauge boson scattering W+W− →W+W− in
the Standard Model with and without Higgs boson as a function of the W+-W− center-
of-mass energy
√
s. The process with an anomalous quartic electroweak gauge coupling
α4 = 0 .1 is shown with and without K-matrix unitarization.
A prescription has to be applied to restore the unitarity. If the effects of this unitarization
on the final results are found to be large, as it happens to be the case in this work, the
unitarization becomes a part of the model. As a result, the constraints derived with different
unitarization prescriptions cannot be compared easily. “The exact choice [of the unitarization
method] depends on the full model, so for an effective theory description all choices are equally
well motivated from the theory side” [105].
Although unitarity violating processes are used for comparison and explanation while de-
riving the constraints on anomalous contributions, all the final results will be presented for
physical, unitary, results only.
When expanding the full matrix element M in spin I and isospin J eigenamplitudes AIJ ,
normalized to aIJ ≡ AIJ/32pi, the optical theorem of elastic scattering theory [117] requires
the following condition for unitarity:
Im
( 1
aIJ
)
= −1. (4.23)
This equation defines a circle in the complex aIJ plane with a radius of 0.5 and centered
around 0.5i .
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Figure 4.2: Visualization of the K-matrix unitarization prescription.
Form-Factor Unitarization
An energy dependent cutoff can be applied during the calculation and event generation to
restore the unitarity of the process. Regions at large diboson invariant masses
√
sˆ = M(V V )
that give rise to an unitarity violation are suppressed. While a sharp cutoff is a special case, it
is often replaced by a smoother cutoff based on a multipole function in the energy around the
cutoff that is multiplied to the anomalous coupling parameter α. The method introduces two
additional parameters, the form factor unitarization scale ΛFF and the form factor exponent n:
α→ α(sˆ) = α(
1 + sˆ/Λ2FF
)n . (4.24)
Physically, this can be interpreted as states of new physics at the scale ΛFF that are integrated
out by the effective field theory [105].
Even with form factors applied, the unitarity can still be violated. A form factor resulting
in unitary processes can be derived by testing unitarity according to Equation (4.23). Since
the zeroth partial wave is the dominant contribution [118], just this eigenamplitude is checked
and applied globally. Results presented in this work are derived with a tool developed by
the Vbfnlo group [119, 120]. It relies on the complex mass scheme and leading order matrix
elements. Since resulting amplitudes contain no imaginary part, no amplitude would fulfill
the unitarity criterion. For this reason, the weaker condition Re(aIJ) < 0.5 is enforced. The
validity of this choice is discussed in [118]. The derived form factor scale represents the maximal
value allowed to ensure unitarity according to this prescription. Although lower values would
still result in unitarity, the maximal one is selected and applied to result in a minimal possible
influence on cross sections and the distributions.
With the derived fixed form factor scale, the second free parameter n still generates various
models to be studied. It is chosen to be four in this work, motivated by previous studies [121].
In general, a unitarity prescription without free degrees of freedom would be the preferred
method. K-matrix unitarization is fulfilling this requirement.
K-Matrix Unitarization
Another way of restoring the unitarity is the K-matrix approach. It was introduced in the
context of pion-pion scattering [122–125] but is adapted to the electroweak gauge boson scat-
tering [34]. This method makes direct use of the unitarity criterion 4.23 with projecting an
arbitrary eigenamplitude onto the unitarity circle. The prescription is shown in Figure 4.2.
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Mathematically, all eigenamplitudes aIJ are replaced by their projections aˆIJ :
aIJ → aˆIJ = 1Re (1/aIJ)− i . (4.25)
As mentioned in detail in [34], the K-matrix unitarization introduces no additional model
parameters and includes other unitarization schemes (IAM, Pade´) as special cases. The effects
of this unitarization can be interpreted as the introduction of an infinitely heavy and wide
resonance. K-matrix unitarization is not applied in the data analyses presented in this work.
The continuation of the results presented here is ongoing based on the developed framework but
relying on the K-matrix unitarization [126]. Constraints on the anomalous quartic electroweak
gauge couplings based on the K-matrix unitarization are derived in the analysis the W±W±jj
final state with the ATLAS detector at the LHC [22].
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In order to compare the outcome of high energy physics collider experiments with theoretical
predictions, particle collisions have to be simulated. Furthermore, the planning of new exper-
iments would not be possible without simulated events. The goal of the simulation is to be as
close to nature as possible.
The simulation of electroweak gauge boson scattering and related processes is a central
topic of this work. Technical details of the generation and the validation of event generators
employed for simulating events are covered in this chapter.
5.1 Introduction to Event Generators
The simulation of particle interactions can be split into independent event-by-event generation.
The generation of one event can be factorized even further into different stages at different
energy scales. Starting at high scales dominated by perturbative short-distance effects, down
to low scales dominated by soft hadronic large distance phenomena. This factorization is
visualized in Figure 5.1 and described here in more detail.
1. Incoming protons are represented by three parallel lines in the central part of the
figure. Based on the factorization theorem [128], the long distance structure of the
proton is related to the distributions in the parton model. This step is visualized by two
green ellipses with several outgoing parton lines. A non-perturbative input are the parton
distribution functions (PDFs). They describe the probability for a gluon or quark with
a given flavor at a given energy scale of the hard interaction to be found within a proton
with the fraction x of the proton momentum. PDFs are obtained from experimental
measurements by fitting results to theoretical predictions [129].
2. The hard scattering is calculated based on the matrix elements derived with Feynman
rules at fixed order n in perturbation theory. Calculations can be visualized by Feynman
diagrams as shown in Section 3.1 for processes related to the scattering of electroweak
gauge bosons. This is visualized in Figure 5.1 by different red lines representing a different
particles each. The typical scales Q of the momentum transfer in the scattering processes
considered in this work are large compared to the typical hadronic scale of a few hundred
MeV [2]. At such high scales the QCD coupling constant αs approaches the asymptotic
freedom [57–59] limit and a truncation at n is possible due to higher order terms being
suppressed by αs(Q)n+1. Final phase space integrals are evaluated using Monte Carlo
methods [130].
3. Outgoing quarks and gluons from the hard scattering are dressed with parton shower
effects representing an approximate resummation of the QCD corrections. A result is a
cascade of additional particles generated by successively creating an arbitrary number
of splittings of the original partons. This results in a tree-like decay chain (represented
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Figure 5.1: Visualization of the simulation of one proton-proton collision event [127].
Incoming protons are shown as parallel green lines and ellipses in the central part of the
picture. The hard scattering matrix element calculation is shown in red, steps performed
by the parton shower are blue and the hadronization as well as the hadron decays are shown
in light and dark green respectively. A purple dot and lines represent multiple partonic
interactions and the QED radiation is visualized in yellow.
by blue lines in Figure 5.1) ending up with the partons at the hadronization scale. The
unitarity of the shower algorithm [131] guarantees that the cross section of the hard
process is not affected by the parton shower.
4. Most generators without proper matrix element corrections fail to describe the multi-
jet kinematics away from the small-angle region accurately. The overlap between the
shower algorithm, based on collinear and soft approximations, and higher orders in the
hard scattering calculation is resolved by the merging of the parton shower with
matrix elements (MEPS). Several merging schemes have been proposed [2]. Because
the signal and the background processes generated for this work either rely on a tree level
MEPS merging (Sherpa) or a fixed next-to-leading order calculations without parton
showering (Vbfnlo), no next-to-leading order matching schemes are applied. The tree
level MEPS merging method as implemented in the Sherpa [98–101] event generator
will be described in the following.
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A typical MEPS algorithm starts with separately generating the matrix elements for
different final state parton multiplicities up to a desired jet multiplicity N . A minimum
separation between all partons is required. In this work, a separation of Qcut = 20 GeV
based on the following measure between the final state partons i and j is used:
Q2ij = 2pipjmink 6=i,j
2
Cki,j + Ckj,i
. (5.1)
The minimum is taken over all color connected partons k. Cki,j and other details are
covered in [101]. Missing contributions from emissions below the scale Qcut are then
generated by the parton shower algorithms.
5. Soft phenomena around the typical hadronic scale Qhad cannot be calculated from first
principles and are based on phenomenological models. This includes the simulation of
multiple partonic interactions (MPI), visualized in the lower part of Figure 5.1 and
the clustering of colored partons after showering into hadrons, hadronization, as shown
by the bright green ellipses.
MPI describes additional hard parton-parton interactions in one proton-proton collision.
MPIs tend to affect the final state multiplicities and summed ET distributions. A small
fraction of MPI produces additional reconstructed jets, typically uncorrelated, back-to-
back and with a small vectorial transverse momentum sum. Compared to this, additional
jets from bremsstrahlung are close to their parent parton.
6. Hadronization results in color-singlet primary hadrons, whose decays are simulated via
hadron decay modules. This is visualized in Figure 5.1 using dark green arrows and
ellipses originating from light green hadrons. Hadron decay products are input to the
jet finders constructing final state jets. Compared to this, a parton level jet, defined on
post- or pre-showered particles, is dependent on Qhad and “may therefore be used to
provide an idea of the overall impact of hadronization corrections within a given model,
but should be avoided in the context of physical observables.” [2].
7. QED radiative corrections are added to the hadron and the tau lepton decays. This
is visualized as yellow lines in Figure 5.1. Details and two possible implementations can
be found in Sherpa [132] and Photos [133].
8. Fiducial phase space selections (see Section 7.1) are based on the simulated events up
to this stage. When comparing to ATLAS collision data, the response of the detector
has to be simulated in order to run the particle reconstruction as it is done for actual
data. Detector simulation is based on GEANT [134, 135], where the passage of
the generated particles through the ATLAS detector is simulated and particle hits are
produced. To achieve this, the whole detector is digitally mapped.
9. Hits are subject to digitization simulating the response of the detector components and
the readout electronics. Additional interactions (selected as minimum bias events [136])
per bunch crossing (pile-up) and the cavern background are simulated [137]. At this
stage the event simulation is finished. The following steps are performed equivalently for
actual collision data and the simulated events.
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10. Reconstruction describes the process of merging digits to tracks and physics object
candidates input to the physics analyses. Details for objects used in this work can be
found in Chapter 7.
11. Persistent data storage is based on different data types. Size and structure depend
on several factors: Byte-stream data describes direct input from the trigger systems.
C++ object representations are stored in RDO (Raw Data Object), ESD (Event Sum-
mary Data) and AOD (Analysis Object Data) format ready for physics analyses [138].
This work is based on flat N-tuple persistification in the ROOT TTree (D3PD) for-
mat [139] and privately reduced (“skimmed”, “slimmed”) copies. Driven by the data
size, the complexity of the applied algorithms and the internationality and size of the
ATLAS collaboration, worldwide computing and storage resources on the cutting edge
of technology have been developed and are heavily used in this work [32,140,141].
5.2 Event Generators for V Vjj Processes
Electroweak and strong V Vjj processes including electroweak gauge boson scattering as well
as optional anomalous quartic gauge couplings are implemented in various event generators.
Just recently, the calculations at the next-to-leading order in perturbative QCD have been
finished for all types of processes (see Table 3.3) but are not consistently implemented or fully
tested in publicly available event generators. A list of the generators for V Vjj processes is
shown in Table 5.1. This list is not supposed to be complete but rather shows programs that
are tested in the context of this work. The main results are based on Sherpa and Vbfnlo
and Whizard simulations.
Table 5.1: Event generators for V Vjj processes. More details for the main generators
applied in this work, Sherpa, Vbfnlo and Whizard, are given in the main text. In the
second (third) column the electroweak (strong) V Vjj processes implemented in the corre-
sponding generator are presented. Here, “all” denotes the availability of all V Vjj final
states with at least one decay channel of the gauge bosons. The fourth column shows the
maximal order in perturbative QCD implemented into the generator and the last column
lists built-in anomalous quartic gauge coupling parameterizations as well as unitarization
prescriptions (see Section 4 for details). A cut-based unitarization is always possible and
is not stated explicitly.
generator V Vjj-EW V Vjj-QCD order aQGC
Sherpa [98–101] all all LO α{4,5}; form factor
Vbfnlo [55, 93] all1 W±W±, WZ NLO f{S,M,T},i; form factor
Whizard [142,143] all all2 LO α{4,5}; K-matrix
PowhegBox [144–146] W±W± W±W± NLO -
MadGraph [147,147] all all LO f{S,M,T},i3
Phantom [148] all all LO -
1V V (V → jj) diagrams (see Table 3.1) are not implemented yet.
2Via subtraction of V Vjj-EW from full V Vjj production [97]. As a result, the V Vjj-QCD process includes
the interference contributions between the electroweak and the strong production modes.
3Via FeynRules interface [149,150].
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Sherpa is a C++ based multi-purpose event generator. It implements all steps of a event
generation covered in Section 5.1. The matrix elements are generated by the Comix mod-
ule [99] and the parton showering is based on Catani-Seymour dipole factorization [100]. Both
approaches are matched based on truncated showers and tree level (MEPS via CKKW [101])
or next-to-leading order (MEPS@NLO [151]) matrix elements. This work is based on MEPS
Sherpa events and resulting leading order accuracy of the total cross sections for each jet
multiplicity. The implementation of multiple partonic interactions is discussed in [152] and is
employed for all fully simulated processes generated with Sherpa. All studies presented in
this work are based on version 1.4.2 of the Sherpa event generator.
Vbfnlo is an event generator specialized on vector boson fusion (VBF) as well as double and
triple electroweak gauge boson production in association with jets. It provides next-to-leading
order accuracy in perturbative QCD. The calculations are based on a hard-coded database.
This results in better performance in terms of speed and reliability compared to the other
tested generators. Event output is possible for leading order calculations only. At next-to-
leading order in perturbative QCD, cross sections and built-in distributions can be generated.
Arbitrary cuts can be specified and different renormalization and factorization scales, fixed
or dynamical, can be selected. Each parton distribution function supported by the Lhapdf
library [153] can be chosen. A privately provided prerelease of version 2.7.0 is applied in this
work. If stated, the results are updated to the final version with no observed changes within
the statistical uncertainty of the output. Due to computing constraints a full replacement was
not feasible.
Whizard provides universal calculations of multiple particle scattering cross sections and
simulated event samples. Tree level matrix elements for arbitrary partonic processes are cal-
culated with O’Mega [143]. Parton showering is possible with build-in modules or based
on external tools with an interface to Lhef [154]. Several models are implemented: SM,
(N)MSSM, Little Higgs and Z ′. Arbitrary other models can be added by using the Feyn-
Rules [149] interface. Anomalous quartic electroweak gauge couplings in terms of α4 and α5
or additional resonances with various combinations of spin and isospin based on the effective
electroweak chiral Lagrangian with a non-linear symmetry breaking via Σ field [34] can be
switched on. The SM Higgs can be included in all models. Whizard is the only generator
available that is able to apply the K-matrix unitarization to electroweak gauge boson scatter-
ing processes. The official version 2.1.1 [142] is employed in this work, but later prereleases
are checked and resulted in compatible results.
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5.3 Validation of Event Generators for V Vjj Processes
Before starting working on this topic, no simulated events and validated event generators for
V Vjj final states have been available within the ATLAS collaboration. As a first step, and
topic of this section, independent event generators have been validated against each other. This
includes comparing the total cross sections and checking agreement in typical distributions.
As a basis, identical settings, parameters and cuts are defined. Sources of divergencies are
identified and resolved by introducing appropriate phase space cuts. Following these basic
procedures, events are generated within the ATLAS framework and made available for all
members of the collaboration.
In this chapter, the validation of W±W±jj and WZjj processes is presented in detail.
Main kinematic distributions are compared for Sherpa, Vbfnlo and Whizard. Other final
states with contributions to the data analyses presented in [22] and this work are validated by
comparing total cross sections.
V Vjj processes are hard to handle computationally. The hard scattering matrix elements
are calculated from Feynman diagrams with six particles in the final state, at next-to-leading
order even up to seven, resulting in thousands of diagrams to be handled. In addition, elec-
troweakly and strongly mediated processes can involve all possible electroweak as well as strong
interactions allowed within the SM.
5.3.1 Phase Space and Parameter Settings
The following selection on the leptons and the jets is chosen for defining the phase space used
for validation. The cuts are defined for all partons from the hard interaction. The transverse
momentum of the leptons is required to fulfill pT > 10 GeV and the selected quarks and gluons
have to pass pT > 20 GeV and ∆R > 0.4. For processes involving virtual photons a cut on
their decay products is included to remove the divergencies at M(`+`−) → 0 for massless
leptons: M(`+`−) > 0.1 GeV.
Consistent for the three generators, the GF electroweak scheme (see Section 2.5) is employed.
The ATLAS default parton distribution function (PDF) during the time of this work is selected:
CT10 - a next-to-leading order PDF with Hoppet αs evolution [102]. For simplicity, the
renormalization and factorization scales are set to fixed values: µf = µr = 2mW for the
W±W±jj final states and µf = µr = mW +mZ for the WZjj processes. No parton shower is
used in order to stay generator independent. In addition, the Vbfnlo and Whizard events
are relying on external shower generators like Pythia. They are already well validated for
other physics processes. For the same reason, no multiple partonic interactions, no hadron
decays, no hadronizations and no QED radiations are simulated for the purpose of validation.
The distributions are generated at leading order perturbation theory without radiation of
additional jets. The main reason is Whizard being a leading order generator and Vbfnlo
being unable to generate events at next-to-leading order or with additional jets. All valida-
tion distributions are normalized to the cross sections calculated by the corresponding event
generator.
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5.3.2 W±W±jj-EW
Dileptonically decaying electroweak W±W± production accompanied by two jets is generated
with the Sherpa, the Whizard and the Vbfnlo event generators. Differential cross sections
are compared in Figure 5.2 showing the invariant mass (left) and the rapidity difference (right)
between the tagging jets. The tagging jets and their importance for electroweak gauge boson
scattering analyses are introduced in Section 3.3.1. Rapidity and rapidity differences are de-
fined in Section 6.2.1. Additional comparisons, especially distributions of the W±W± system,
are shown in Appendix B.1.
With Vbfnlo being just capable of producing the W+W+jj and the W−W−jj final states
separately, the results from both subprocesses are added after the normalization. Furthermore,
the W±W±(W∓ → jj) production is generated separately employing Sherpa and is consis-
tently added to processes generated by Vbfnlo for comparison with other generators. This
is labeled “VBFNLO+V jj”. Missing s-channel W → jj diagrams in “VBFNLO” are clearly
visible at low invariant masses around the peak of the decaying W bosons (just one bin in the
plot on the left-hand side) and in the region below ∆y(j1, j2) ≈ 2 in the plot on the right-hand
side.
The output of the three generators agrees within statistical uncertainties in the regions
of interest for electroweak gauge boson scattering selections, at large M(j1j2) and for large
∆y(j1, j2).
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Figure 5.2: W±W±jj-EW processes generated with Vbfnlo, Sherpa and Whizard.
The left plot shows the invariant mass off the tagging jets and the right plots presents
the rapidity difference between these jets. Since Vbfnlo is not capable of generating
W±W±(W∓ → jj) processes, the distributions are shown without (“VBFNLO”) and with
these contributions added based on Sherpa simulation (“VBFNLO+V jj”). All distribu-
tions are normalized to the cross section calculated by the corresponding event generator.
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5.3.3 W±W±jj-QCD
Distributions for strongly mediated, dileptonically decaying W±W± production in addition
with two jets are shown in Figure 5.3. As an example interesting for studying electroweak gauge
boson scattering, the invariant mass of the tagging jets is selected. Additional distributions
can be found in Appendix B.1. On the left-hand side, the outputs for the strong W±W±jj
production from Vbfnlo and Sherpa are compared. The individual generation of this process
is currently not implemented in the Whizard event generator [97]. Vbfnlo and Sherpa agree
within the statistical uncertainties.
Full W±W±jj production including all electroweak and strong interaction processes at lead-
ing order is shown on the right-hand side of Figure 5.3. Results from Vbfnlo are obtained by
adding the W+W+jj and the W−W−jj processes for the electroweak and the strong media-
tion by neglecting any possible interference effects. This is compared to “Sherpa EW+QCD”,
generated by Sherpa without including the interference between the electroweak and the
strong production. Both distributions agree within the statistical uncertainties as can be seen
by the green line in the ratio plot.
The interference is found to be non-negligible for low invariant masses as visible by comparing
to the full process generated with Sherpa or Whizard including all interference contributions.
Differences between the distributions from Sherpa and Whizard are observed for this region
at small invariant masses. Origins of these differences are studied in close contact with the
authors but are not yet been identified.
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Figure 5.3: Invariant mass of the tagging jets for W±W±jj-QCD (left) and full
W±W±jj (right) processes generated with Vbfnlo, Sherpa and Whizard. Vbfnlo
is not capable of generating the W±W±(W∓ → jj) processes, so these contributions are
generated by Sherpa and are added consistently in the plot on the right-hand side. In
addition, Sherpa results are shown with the interference between electroweak and strong
W±W±jj production (“Sherpa”) and without interference (“Sherpa EW+QCD”). All dis-
tributions are normalized to the cross section calculated by the corresponding event gen-
erator.
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5.3.4 WZjj-EW
The invariant mass and the rapidity difference between the tagging jets of the electroweakly
mediated WZjj production is shown in Figure 5.4. All interference effects between the Z bo-
son and virtual photons contributions are included (see Appendix A for the notation). The
distributions are compared for events generated with Vbfnlo without resonant production of
the quarks4, Sherpa and Whizard. The Sherpa distributions have large statistical uncer-
tainties as a direct result of a small number of generated events5. Sherpa and Vbfnlo are
found in good agreement in the regions not dominated by the missing resonant contributions
in Vbfnlo. The rapidity difference distribution obtained from Whizard shows differences
compared to Sherpa and Vbfnlo in the phase space region at large values interesting for a
electroweak gauge boson scattering analysis.
Additional distributions are shown in Appendix B.2. Besides expected peculiarities due to
the missing diagrams in Vbfnlo, the differences between Sherpa and Whizard are found to
originate from deviations at large rapidities for the leading jets and for high transverse momenta
of the subleading jets. Additional differences are observed for the transverse momenta of the
subleading lepton associated to the Z boson and the lepton associated to the W boson.
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Figure 5.4: WZjj-EW processes generated with Vbfnlo, Sherpa and Whizard. While
the left plot shows the invariant mass of the tagging jets, the right plot presents the rapidity
difference between these jets. Since Vbfnlo is not capable of generating the WZ(V → jj)
processes, the Vbfnlo distributions are shown without these contributions and should
not be compared to the results from the other generators for low values of M(j1j2) and
∆y(j1, j2). All distributions are normalized to the cross section calculated by the corre-
sponding event generator.
4Compared to W±W±jj-EW production, adding missing V → jj contributions based on Sherpa simulation
was not possible due to instabilities in the integration during the computation. This is not solved and is
still investigated.
5The time to generate one event is about thirty minutes per CPU. Phase space optimizations and a lowering
of the integration uncertainty are tested but resulted in no significant improvements. Finally, weighted
events are employed skipping the complex unweighting procedure. Due to limited storage capabilities and
the processing time in Rivet, the weighted event count is restricted to 100 million events.
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5.3.5 WZjj-QCD
Events of the strong WZjj production are shown in Figure 5.5 as a function of the rapidity
difference between the leading and subleading jets. Additional distributions are shown in Ap-
pendix B.2. All distributions are normalized to the cross section obtained by the corresponding
event generator.
The left figure is focusing on the pure WZjj-QCD production. Although shapes for events
produced by Vbfnlo and Sherpa agree within the uncertainties, a difference of about 10%
is observed in the normalization. A comparison with a third generator would be one way to
decide which total value of the cross section to trust. Cross sections at next-to-leading order
in perturbative QCD are derived with Vbfnlo and are used for the purpose of normalization
throughout this work (see Section 10.4).
Since Whizard is not capable of generating the strong V Vjj processes separately, the
right plot shows the full WZjj production including interference between electroweak and
strong production. In addition, the events generated with Vbfnlo and Sherpa are presented,
with just “Sherpa” including the interference contributions. No significant effects due to the
interference are observed based on the results from Sherpa.
Differences in the distributions are visible between the three generators. The normalization
difference of about 10% between Sherpa and Vbfnlo results is transfered from the pure
WZjj-QCD production. Larger differences are observed for Whizard. When comparing to
the other distributions shown in Appendix B.2, the difference is found to be relatively constant
but additional events and phase space cuts are required in order to derive final statements.
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Figure 5.5: Rapidity difference between the tagging jets for the WZjj-QCD (left) and
the full WZjj (right) processes generated with Vbfnlo, Sherpa and Whizard. Vbfnlo
is not capable of generating the WZ(V → jj) processes and these contributions are not
included in the plot on the right-hand side. In addition, the Sherpa results are shown
with interference between the electroweak and strong WZjj production (“Sherpa”) and
without interference (“Sherpa EW+QCD”). All distributions are normalized to the cross
sections calculated by the corresponding event generator.
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This chapter introduces the Large Hadron Collider (LHC) [13] and A Toroidal LHC Appara-
tus (ATLAS) [30], installed underground at CERN1 near Geneva, Switzerland. Both machines
provide the experimental environment for proton acceleration and storage, proton-proton col-
lisions as well as the detection of final state particles analyzed and interpreted in this work.
They are integrated in a large accelerator complex [155] and a worldwide computing infras-
tructure [140,141].
6.1 The Large Hadron Collider
The Large Hadron Collider (LHC) [13] is a proton-proton accelerator2 integrated in a large
accelerator complex at CERN shown in Figure 6.1. It is the last stage of an acceleration
sequence with increasing proton extraction energy Ep [156]:
– LINAC2 - LINear ACcelerator 2, Ep = 50 MeV
– BOOSTER - Ep = 1.4 GeV
– PS - Proton Synchrotron, Ep = 25 GeV
– SPS - Super Proton Synchrotron, Ep = 450 GeV
– LHC - Large Hadron Collider, Ep = (0.45 . . . 14) TeV
The LHC is shaped like a circular ring with a circumference of 26.7 kilometers installed
50 to 150 meters underground. 1 232 superconducting dipole and several thousand multipole
magnets are installed to control the trajectory and profile of the proton beams.
The physics program aims to study proton-proton interactions at a design center-of-mass
energy of
√
s = 14 TeV. In 2009 the center-of-mass energy was increased from
√
s = 900 GeV
to
√
s = 7 TeV after a Helium accident in 2008 and subsequent repairs [157, 158]. This work
is based on collision data at an increased center-of-mass energy of
√
s = 8 TeV recorded in
2012. After a scheduled technical stop in 2013/14 the LHC is supposed to continue data-
taking in early 2015 and “will be able to operate at its design energy of 7 TeV per beam” [159],
corresponding to the design center-of-mass energy. Each beam is composed of several proton
bunches. During 2012 data-taking, 1 374 bunches with 1.6×1011 protons per bunch [160] have
been filled into the LHC. Six experiments are installed at the LHC providing an environment
for investigating a wide range of physics.
The CMS (Compact Muon Solenoid [161]) and the ATLAS (A Toroidal LHC Apparatus [30])
experiments are multi-purpose detectors built with access to a variety of physics of the Stan-
dard Model and beyond. The main focus was on the search for the Higgs boson which has been
achieved in 2012 by spotting signs of a particle compatible with the Standard Model Higgs
boson [11, 12]. Measuring the properties of the newly discovered Higgs boson candidate is
currently ongoing. The measurements of electroweak processes like W or Z production [162],
1European Organisation for Nuclear Research. Conseil Europe´en pour la Recherche Nucle´aire.
2The machine is also designed to accelerate heavy ions. This is not covered in this work.
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Figure 6.1: Accelerator complex at CERN [155].
soft QCD processes [163] and the search for Supersymmetry [164] are just three additional
examples.
Main research goals of ALICE (A Large Ion Collider Experiment [165]) are studies of
strongly interacting matter at high energy densities within a quark-gluon plasma in lead-lead
nuclei collisions. The LHCb (Large Hadron Collider beauty [166]) experiment is a special-
ized b-physics experiment aiming at measuring CP violation in interacting bottom quarks.
It shares the cavern with MoEDAL (Monopole and Exotics Detector At the LHC [167]),
which is employed for searching for massive stable or pseudo-stable particles such as magnetic
monopoles or dyons. Studies of the forward region close to the beam axis is one goal of the
LHCf (Large Hadron Collider forward [168]) detector installed at both sides of the interaction
point 1 at distances of 140 meters. TOTEM (TOTal Elastic and diffractive cross section
Measurement [169]) aims at measuring of elastic scattering and diffractive processes.
The LHC machine instantaneous luminosity L is defined to relate the machine parameter
R = dN/dt (rate of proton-proton collision events) to the particle physics theory parameter σ
(cross section of a specific physics process):
R = L× σ. (6.1)
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and recorded by (yellow) ATLAS in 2012.
Figure 6.2: Luminosity delivered to and recorded by ATLAS obtained during stable beam
periods from counting rates measured by the ATLAS luminosity detectors. The calibration
is based on the van-der-Meer beam separation method [170,171].
For a Gaussian beam proﬁle, the instantaneous luminosity depends only on beam parame-
ters:
L =
N2pnbfrγF
4πnβ∗
. (6.2)
Here, Np denotes the number of protons per bunch and nb is the number of bunches per circu-
lating beam. The instantaneous luminosity is also proportional to revolution frequency fr, the
relativistic Lorentz factor γ ≡ 1/√1 − v2/c2 and a geometrical reduction factor F due to the
crossing angle of the colliding beams at the interaction point. The normalized transverse beam
emittance n and the beta function at the collision point β∗ are additional beam parameter
inputs. Details on the deﬁnitions and the design values for the LHC can be found in [13].
The ATLAS detector aims for a peak instantaneous luminosity of 1034 cm−2s−1. During
the operation in 2012 the instantaneous luminosity recorded by ATLAS has reached 7.73 ×
1033 cm−2s−1 and the peak luminosity per day is shown in Figure 6.2a.
It follows directly from Equation 6.1 that the mean expected number of proton-proton
collision events N for a physics process with cross section σ during a given period of time can
be quantiﬁed by the integrated luminosity:
N = σ ×
∫
L dt. (6.3)
As shown in Figure 6.2b, ATLAS has recorded a total integrated luminosity of 21.7 fb−1
while the LHC has delivered 23.3 fb−1. Results of this work are based on 20.3 fb−1. The
diﬀerence stems from selecting events during times of good detector conditions as described in
Section 7.2.
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6.2 The ATLAS Experiment
Following previous collider experiments, the ATLAS experiment in its current form was pro-
posed in 1994 and constructed until 2008. In the same year, the first signal from a single
beam event was observed. At the end of 2009 the first proton-proton collision event has been
successfully registered.
The multi-purpose design allows for a wide range of physics measurements covering a large
part of the physics program of the LHC. With its cylindrical geometry around the beam axis
and its forward-backward symmetry, ATLAS covers a large part of the whole solid angle around
the central interaction point.
A general overview of the ATLAS detector is shown in Figure 6.3. The detector consists of
four major components: The inner detector, the calorimeter systems, the muon system and
magnets. Located around the beam axis are the pixel detectors, followed by the semiconductor
tracker and the transition radiation tracker – together referred to as the inner tracking detector.
Electromagnetic and hadronic calorimeters are installed around the inner part. The outermost
part of the detector is covered by the muon chambers. A superconducting solenoid magnet
is surrounding the inner detector providing an axial magnetic field of 2 T. Three air-core
superconducting toroid magnets are installed symmetrical and radial around the beam axis in
the central (barrel) part and the forward regions (end-caps) of the detector. They generate a
magnetic field of about 0.5 T in the barrel and about 1 T in the end-caps.
The approximate weight and dimensions of the detector are 7×106 kg with a height of 25 m
and a length of 44 m. These and the following information shown in this section, if not stated
otherwise, are based on the ATLAS Journal of Instrumentation [30].
Figure 6.3: Cut-away view of the ATLAS detector [30]. The main detector components
explained in the text are labeled.
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6.2.1 Coordinate System
ATLAS uses a right-handed, Cartesian coordinate system with the positive x axis pointing
to the center of the LHC ring, the positive y axis pointing upwards and the positive z axis
completing the right-handed system being a tangent to the beam line. The origin is the
nominal collision point.
Using polar coordinates, the azimuthal angle ϕ ∈ [−pi, pi) is defined in the transverse x-y
plane while the polar angle θ is the angle from the beam axis.
Rapidity and Pseudorapidity
Experimental results like measured differential cross sections are required to be Lorentz invari-
ant. One way to express the invariance under Lorentz boosts is by parameterizing the outcome
of a measurement in terms of Lorentz-invariant quantities. One example is the rapidity y since
differences of rapidities are invariant under Lorentz boosts.
y = 12ln
(
E + pz
E − pz
)
. (6.4)
Here, E is the energy and pz is the longitudinal component of the momentum p. For small
particle masses this relation can be simplified resulting in a quantity referred to as pseudora-
pidity η:
η = 12ln
( |p|+ pz
|p| − pz
)
= −ln
[
tan
(
θ
2
)]
. (6.5)
Due to its relation to the polar angle and the property of Lorentz invariance for massless
particles, the pseudorapidity is widely used in collider experiments replacing the polar angle θ.
In the case of massive objects such as jets the rapidity y is the preferred variable.
Transverse Variables
Because the initial momenta of the colliding particles are unknown, transverse variables, pro-
jections onto the x-y plane, play an important role in hadron collider experiments. The trans-
verse momentum pT of a particle with momentum p = (px, py, pz) is defined by the following
equation:
pT =
√
p2x + p2y. (6.6)
Distance Measures
When considering two points (ϕ1, η1) and (ϕ2, η2) with ϕi ∈ [−pi, pi), one dimensional distances
are calculated in the following way:
∆ϕ ≡ |ϕ1 − ϕ2 + 2npi| with n ∈ {−1, 0, 1} such that ∆ϕ ∈ [0, pi] (6.7)
∆η ≡ |η1 − η2|. (6.8)
A two dimensional distance in the ϕ-η space is defined analogously to Euclidean geometry:
∆R ≡
√
(∆ϕ)2 + (∆η)2. (6.9)
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Figure 6.4: Cut views through the ATLAS detector [172]. The left plot shows the trans-
verse x-y plane including the primary vertex (PV). A point of closest approach (pca) for
an arbitrary track (yellow line) can be defined in this plane introducing the transverse
impact parameter d0. The right plot shows the R-z plane with the direction of R defined
such that the projected pca into this plane falls on the z axis. This defines the longitudinal
impact parameter z0 sin θ.
Impact Parameter Coordinates
Two coordinates parameterizing the distance between a track and the primary vertex (PV) are
used in this work. The PV is defined as the vertex with the largest
√∑
p2T, where the sum is
taken over all tracks with transverse momentum pT assigned to the corresponding vertex [173].
For each track, the point of closest approach (pca) is defined in the transverse x-y plane.
This is shown on the left side of Figure 6.4. The transverse impact parameter d0 is defined as
the distance between pca and PV in this plane.
A longitudinal distance z0 is defined as the distance between the track and the pca in a
plane including the beam line. The azimuthal direction of this plane is defined in a way that
the projected pca onto this plane lies on the z axis. In this plane, z0 sin θ is the distance
between the track and the PV. This distance is usually referred to as the longitudinal impact
parameter. As visualized on the right-hand side of Figure 6.4, θ parameterizes the angle
between the projected track direction and the z axis.
6.2.2 Inner Detector
The main purpose of the inner detector system is vertex and track measurement via pattern
recognition in a region as close as possible to the interaction point. For each collision at
design luminosity about 1 000 particle tracks are expected. In addition, the electronics have
to withstand large doses of radiation.
A technical overview of the inner detector is shown in Figure 6.5. Because the whole system
is situated inside the solenoidal magnetic field, a high resolution momentum measurement
is possible by extracting the curvature of the tracks. Heavy flavor particles with displaced
vertices such as τ leptons or B hadrons can be identified by extrapolating tracks to the nominal
interaction point and identification of secondary vertices.
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Figure 6.5: Plan view of a quarter section of the ATLAS inner detector [30]. The pixel
detector, the SemiConductor Tracker (SCT), the Transition Radiation Tracker (TRT) and
the solenoidal magnet system are shown as the main detector components in this region.
The expected resolution of the track impact parameters and the momentum measurements
of single particles are [174]:
• track d0 impact parameter: σ(d0) = 11×
(
1⊕ 5.5
pT/GeV
√
sin θ
)
µm
• track z0 impact parameter: σ(z0) = 70×
(
1⊕ 1.4
pT/GeV
√
sin3 θ
)
µm
• momentum of single particles: ∆pT/pT = 5× 10−5 × pT/GeV⊕ 0.01.
A design with three independent and complementary subdetectors is chosen to reach these
goals [175]:
The innermost part is named the pixel detector. It consists of silicon pixel layers. They are
grouped in 1 744 modules aligned in three layers (barrel) and 2× 3 disks (end-caps) resulting
in about 80.4 million pixels in total. The pattern recognition reaches an accuracy of 115 µm
in the z direction and 10 µm in the R-ϕ plane. The performance and additional specifications
are available in [176,177].
SemiConductor Tracker (SCT) modules provide an almost hermetic coverage with at
least four space-point measurements over the coverage of the inner detectors. Silicon micro-
strips with 6.3 million readout channels result in an accuracy of 580 µm in z direction and
17 µm in the R-ϕ plane. Details for the installation, the operation and the performance are
available in [178,179].
Transition radiation material interleaved with gaseous polyimid drift straw tubes with the
capability to generate and detect transition radiation mark the outer part of the inner detector.
Except to the transition regions between the barrel and the end-caps, all charged tracks with
pT > 0.5 GeV and |η| < 2.0 will cross at least 36 straws. The Xe/CO2/O2 gas mixture gets
ionized from these particles and a central wire collects negative ions. The accuracy of 130 µm
of the Transition Radiation Tracker (TRT, [180, 181]) is limited by the drift time of the
ions.
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Figure 6.6: Cut-away view of the ATLAS calorimeter systems [30]. Parts based on liquid
argon (LAr) are shown in brown and surrounding components based on scintillating tiles
are marked with gray and blue color. The central inner detector is shown in gray for
comparison.
6.2.3 Calorimeter Systems
Large calorimeter systems based on sampling detectors surround the inner detector and cover
the whole azimuthal angle around the beam axis. They are designed for identification and
energy measurement of jets, electrons and photons. A cut-away view of the main components
is shown in Figure 6.6. The calorimeter system is separated into the electromagnetic and the
hadronic calorimeters.
Closer to the interaction point are liquid argon (LAr) based electromagnetic barrel and
end-cap calorimeters [182–184]. A high granularity accordion geometry has been chosen
resulting in excellent performance in terms of energy and position resolution. The barrel part
covers the pseudorapidity region up to |η| = 1.475 and is extended by the end-cap parts located
between |η| = 1.375 and |η| = 3.2. Energy loss corrections for electrons and photons due to
the material in the inner detector are based on measurements of a presample detector in front
of the electromagnetic calorimeter in the region |η| < 1.8.
These parts are surrounded by the hadronic tile calorimeter [185] system. A central
barrel part (|η| < 1) and the extended barrel calorimeters at each side (0.8 < |η| < 1.7) are
based on steel and scintillating tiles. The steel is used as absorber while the tiles are forming
the active material.
In the end-caps, the hadronic calorimetry is based on copper plates interleaved with liquid
argon gaps located in two independent wheels per end-cap directly behind the electromagnetic
end-cap calorimeters. These sampling calorimeters cover the regions between |η| = 1.5 and
|η| = 3.2. They are overlapping with the extended barrels and the forward calorimeters
(FCals, [182, 186]) installed between 3.1 < |η| < 4.9. The FCals are based on liquid argon as
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the active detector medium for electromagnetic and hadronic energy measurements. In the
central module at each side, copper is used as the active medium followed by two modules per
end-cap based on tungsten.
6.2.4 Muon System
Due to its about 200 times larger mass compared to electrons, a typical muon below about
200 GeV creates no shower in the calorimeters. Muons are deflected by the toroid magnet
system and enter the outermost part of the ATLAS detector. This region is designed to
identify and trigger on charged particles, especially muons. Momenta are accessible in the
range |η| < 2.7 and triggering is possible up to |η| = 2.4. A general overview is shown in
Figure 6.7. The main parts are separate tracking and triggering chambers.
Monitored Drift Tubes (MDTs) are precision measurement tracking chambers installed
over a wide pseudorapidity range up to |η| = 2.7 and covering the whole azimuthal angle. The
main components of a chamber are layers of drift tubes operating at a pressure of about three
bar. In the barrel, three layers of chambers are cylindrical aligned around the beam axis while
in the end-caps three layers are installed perpendicular to the beam axis. A resolution of about
80 µm per tube and about 35 µm per chamber is achieved in planes including the beam axis.
No measurements of the transverse positions are possible with the MDTs.
Cathode Strip Chambers (CSCs) provide tracking information at high pseudorapidity
in the forward region 2 < |η| < 2.7. They are designed as multi-wire proportional chambers
with cathodes segmented into strips. As a result, they provide higher timing resolutions and
manage to record at higher rates compared to the MDTs. In the transverse x-y plane a
resolution of just 5 mm is achieved as a result of parallel readout. The resolutions in the
bending planes including the beam axis is 40 µm.
Trigger information in the barrel is provided by Resistive Plate Chambers (RPCs) up
to |η| = 1.05. In the end-caps, Thin Gap Chambers (TGCs) are installed in the regions
1.05 < |η| < 2.4. A RPC unit consists of two gas volumes. Each volume is surrounded by two
parallel electrode plates, a transverse readout and a longitudinal readout plane. Avalanches
are induced along a track due to large electric fields of up to 4.9 kV/mm and capacitive
couplings to the metallic readout plates. TGCs are gaseous multi-wire proportional chambers
based on ionizations within high electric fields produced by separated wires. After traversed
by a charged particle, the system is capable of delivering trigger information within tens of
nanoseconds. In addition, the position of the muon in the transverse plane is measured and
added to the orthogonal measurement provided by the tracking chambers. A resolution of
10 mm (RPCs) and 3 . . . 7 mm (TGCs) is reached.
6.2.5 Trigger Systems
As stated in the introduction of Chapter 7, the production rates of electroweak gauge boson
scattering processes as central topic of this work are about thirteen orders of magnitude below
the total SM production rate at the LHC. To obtain one hundred collision signal events, it
would be required to record approximately one quadrillion events. With a typical persistent
event storage size of several megabytes, this is not feasible with current technology. In addition,
readout and hardware speeds are setting electronic limits. The main restriction is the storage
size and its speed. The ATLAS trigger system [187] solves this dilemma by omitting events
with potentially low interest for physics analyses.
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Figure 6.7: The ATLAS muon system [30]. The largest components are Monitored
Drift Tubes (MDTs) tracking chambers named after their position in the detector: Barrel
inner layer (BIL), barrel middle layer (BML), barrel outer layer (BOL) and equivalently
for the end-caps (EIL, EML, EOL). The remaining tracking chambers (Cathode Strip
Chambers, CSCs) and trigger chambers (Resistive Plate Chambers, RPCs and Thin Gap
Chambers, TGCs) are shown in addition. Muons with infinite momenta would propagate
along straight trajectories which are illustrated by the dashed lines.
The LHC design collision rate of 40 MHz is reduced to about 75 kHz using hardware-based
logic integrated into the electronics of the detector. This decision is referred to as level-one
trigger (L1), due to being the basic stage of the ATLAS trigger system. At this rate a full
readout would be possible. To achieve a decision within 2.5 µs the transverse energy in
the calorimeters is measured by dedicated trigger towers. Information on the muon path is
available via RPC and TGC muon trigger chambers. The L1 trigger also defines a region-of-
interest (ROI) which contains information about the triggering objects. This includes a passed
transverse momentum threshold and the location in the detector.
A signal passing the basic L1 decision is used as seed for the ATLAS high-level trigger (HLT)
by employing specialized trigger software executed at dedicated computing clusters. The
HLT features more advanced algorithms based on additional detector readout: More stringent
requirements are set on the transverse energies measured in the calorimeters as well as on the
qualities of electron candidates. Decisions based on muons are refined by combining the input
from the inner detector and the muon spectrometer. Two stages are part of the HLT: Based
on L1 ROIs and additional trigger requirements, the level-two trigger (L2) creates a first η-ϕ
position and a transverse momentum threshold. The event rate is reduced to about 3.5 kHz.
The event filter (EF) revisits the decision of L2 by employing event reconstruction algorithms
close to the final algorithms constructing physics object candidates input to the analysis. The
event rate is reduced to about 200 Hz and full persistent storage with approximately 300 MB/s
is performed.
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Proton-proton collision events with WZ final states accompanied by possible additional jets are
produced as a small subset of all events taking place. The total Standard Model production
cross section at the LHC with a center-of-mass energy of
√
s = 8 TeV is about 1011 pb (see [14]
and Figure 13.1). In contrast, the total1 expected cross section of the inclusive WZ production
in association with jets is 20.3 pb [188]. This translates to an about ten orders of magnitude
different production rate. The Standard Model cross section of electroweakly produced WZjj
events, inseparably including the electroweak gauge boson scattering processes, is additional
three orders of magnitude lower.
This chapter defines criteria for selecting WZ signal events out of the resulting large number
of background events (see Chapter 8). Final states with leptonically decaying gauge bosons
are picked as a result of their inherent signature. Preselections are introduced ensuring a high
quality of the data. Selection criteria for the object candidates of electrons, muons and jets are
outlined and the event selection requirements are optimized. Differences between the inclusive
WZ and the electroweak WZjj selection are covered in detail and the final distributions after
both selections are derived. All applied event selection criteria are summarized in Appendix F.
A central goal of this work is the test of the Standard Model. For this purpose, the results
obtained from ATLAS data are compared to the Standard Model expectations extracted from
Sherpa simulations and Vbfnlo cross section calculations. Fiducial phase space selections,
applied to the simulated events and the objects defined at the generator level without detector
information (see Chapter 5) are introduced and specified at the beginning of this chapter.
7.1 Fiducial Phase Space Definitions
Simulated events are the basis for comparing the collision data to the Standard Model (SM)
expectations. Pure simulation output before adding any detector effects is the main input to
the detector efficiency estimation as required for the cross section calculations and the unfolding
(see Chapter 10 and 11). The selection of such events is defined here. It is usually referred to
as the fiducial phase space selection. All definitions are chosen close to the cuts applied to the
reconstructed objects at the detector level specified later in this chapter. Inevitable differences
between both selections are parameterized in the detector efficiency parameter derived in
Section 10.2. Theory systematic uncertainties as derived in Chapter 9.2 are calculated after
the application of the fiducial phase space cuts. Two definitions are input to the results
presented in this work: The inclusive WZ and the electroweak WZjj fiducial phase space.
1The total phase space in WZ final states is usually defined by a requirement on the invariant mass of the
leptons originating from the decay of the Z candidate. 66 GeV < M(``) < 116 GeV is required here.
This suppresses the contamination from virtual photon decays (see Appendix A) dominant at low invariant
masses.
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7.1.1 Fiducial Inclusive WZ Phase Space
All lepton candidates are selected from the final state electrons and muons. Particles produced
due to the parton showering, the QED radiation or a tau decay are included in this definition.
Each selected lepton gets “dressed” by adding the summed-up four-momentum vectors of any
final state photon within a cone of ∆R = 0.1 around the lepton. This prescription accounts
for the QED radiation by defining a lepton object before the radiation. All equations and cuts
defined below are based on dressed leptons. The only exception is the actual selection of the
leptons: Jet fragmentation is able to produce leptons and photons. Leptons with very large
momenta after the dressing with photons originating from the fragmentation are observed.
This contradicts the reason for dressing leptons. To minimize such effects, the three final state
leptons assigned to the decay of the W and Z bosons are selected as the candidates with the
highest transverse momentum out of the list of all leptons in the event before dressing. The
dressing is applied afterwards. All selected fiducial leptons have to pass a transverse momentum
requirement of pT > 15 GeV. The pseudorapidity has to fulfill |η| < 2.5. This definition
includes the crack region between the barrel and the end-cap calorimeters (1.37 < |η| < 1.52).
It also slightly extends the pseudorapidity definition applied to the reconstructed electrons of
|η| < 2.47 in order to simplify the definition. Resulting differences and effects are parameterized
in the detector efficiency.
Jets are defined by an anti-kT algorithm with a distance measure of R = 0.4 as introduced
in Section 7.8. All final state objects besides the muons and the neutrinos are input to the
jet algorithm. The transverse momentum and the rapidity have to pass pT > 30 GeV and
|y| < 4.4 in order for a jet to be selected.
The following additional selection criteria are applied for each event. Events not fulfilling
one criterion are rejected.
• Z boson selection: Exactly one Z boson candidate is required. It is defined by the
lepton pair `1 and `2 with the same flavor and an opposite electric charge associated
to its decay. If more than one combination is present in the event, the pair with the
invariant mass M(`1`2) closest to the mass of the Z boson2 is chosen. The invariant
mass of this selected Z boson candidate has to be within 10 GeV around the mass of the
Z boson: |M(`1`2)−mZ | < 10 GeV, otherwise the whole event is rejected.
• W boson selection: The event has to contain at least one additional lepton with
pT > 20 GeV. The remaining particle with the largest transverse momentum, `3, is
associated to the W boson candidate. The missing transverse momentum /pT is associated
to the neutrino. It is defined as the negative vectorial sum of the four-momentum vectors
of all visible final state objects. No properties of simulated neutrinos are employed in
order to avoid a bias due to additionally produced neutrinos by the parton shower and
to stay close to the selection at the detector level.
• Transverse mass: The transverse mass MT of the W boson candidate is required to
be larger than 30 GeV. It is defined according to the following equation:
M2T(W ) = 2pT(`3)/pT
(
1− cos ∆ϕ(`3, /pT)
)
. (7.1)
No longitudinal information enters in this definition. Its usage avoids a prescription to
calculate the longitudinal component of the neutrino which is unknown at the detector
2Using the current best-fit value of mZ = 91.1876 GeV [2].
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level due to the missing information about the initial longitudinal momenta and energies.
This definition follows from a trivial extension of the invariant mass to the case with
longitudinal momenta pz = 0, but other mass definitions are possible as well [189].
• Overlap resolving: Selected leptons and jets can be produced close to each other. To
mimic the isolation criteria on leptons applied during the collision data analysis, the fol-
lowing requirements based on the distance measure ∆R introduced in Equation (6.9) are
enforced: ∆R(`1, `2) > 0.2 and ∆R(`{1,2}, `3) > 0.3. In addition, the following minimal
distance between all selected jets jk and all selected leptons is required: ∆R(`i, jk) > 0.1.
This mainly removes events with electrons reconstructed as the selected jets and selected
leptons produced due to the fragmentation of jets.
7.1.2 Fiducial Electroweak WZjj Phase Space
Different selection criteria are required for defining a fiducial region of purely electroweak WZ
production since this process is accompanied by at least two quarks or gluons from the hard
interaction. The selection is defined on top of the inclusive WZ fiducial phase space selection
by adding the following requirements on the selected jets:
• Jet multiplicity: At least two jets passing the transverse momentum, the rapidity and
the overlap resolving cuts have to be reconstructed in the event.
• Tagging jets: The tagging jets j1 and j2 are defined as the two jets with the largest
transverse momentum. They are required to pass the following cut on their combined
invariant mass: M(j1j2) > 500 GeV.
7.2 Data Quality and Luminosity
The condition of the ATLAS detector during data-taking is changing and is subject to mal-
functions. Channels can be noisy, components could be switched off due to failing high-voltage
or detectors are not ready after warm starts or go to standby too early. These and many other
possible problems can influence the quality of the recorded data. A small period of data-taking
of approximately two minutes is defined, named luminosity block. Depending on the condition
of the detector each block gets a data quality flag assigned. Flags are summarized in Good
Runs Lists (GRLs). Various GRLs are introduced to handle different requirements of the
physics analyses. All collision data analyses presented in this work are based on a centrally
provided GRL requiring tracking and calorimeter detectors with a good condition3.
Events recorded shortly after recovering readout blocks in certain subdetectors are found to
be incomplete. These events are neglected as recommended by the ATLAS Data Preparation
Group [190].
The total integrated luminosity of the data recorded in 2012 at a proton-proton center-of-
mass energy of
√
s = 8 TeV fulfilling these requirements is calculated4 to 20.3 fb−1.
3data12 8TeV.periodAllYear DetStatus-v61-pro14-02 DQDefects-00-01-00 PHYS StandardGRL All Good.xml
4iLumiCalc.exe --lumitag=OflLumi-8TeV-003 --livetrigger=L1 EM30 --trigger=None --plots
--xml=data12 8TeV.periodAllYear DetStatus-v61-pro14-02 DQDefects-00-01-00 PHYS StandardGRL All Good.xml
--lar --lartag=LARBadChannelsOflEventVeto-UPD4-04 [191]
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7.3 Pile-up Correction
Protons within the LHC beams are organized into bunches (see Section 6.1). Several proton-
proton interactions during the same bunch crossing are expected and observed. This is a
direct consequence of a high peak instantaneous luminosity and a bunch separation of just
25 nanoseconds. The effect is referred to as in-time pile-up. In addition, the detector compo-
nents are sensitive to bunch crossings before and after the main interaction. This is referred
to as out-of-time pile-up. Both effects have to be taken into account when analyzing and
simulating the data. Combined they are referred to as pile-up [137].
Effects of pile-up are reproduced in the simulation of the collision events. Driven by com-
puting limitations this often happens before actual collisions take place and are recorded by
the ATLAS detector. Each period of data-taking is represented by an integer period number
in the simulation. In each such period the best guess of the pile-up environment is input to the
simulation. Differences to the actual conditions measured during the data-taking are corrected
for by a reweighting procedure.
A correction weight is calculated for each simulated event in period p with an integer number
of simulated interactions per bunch crossing µˆ visualized in bins:
weight = 11.09 ×
Lp/L
Np/N
× L
µˆ
p/Lp
N µˆp /Np
(7.2)
with
L = total measured integrated luminosity
Lp = integrated luminosity of the data-taking period p
Lµˆp = integrated luminosity of the data-taking period p within the bin µˆ
N = total number of simulated events in the sample of the simulated events
Np = number of simulated events in the sample assigned to the period p
N µˆp = number of recorded data events within the period p and the bin µˆ.
The global scaling factor of 1/1.09 is applied to account for differences observed in the vertex
multiplicity with at least two tracks in minimum bias events with the Pythia tuning compared
to the ATLAS data [192].
Simulated distributions of the average number of interactions per bunch crossing 〈µ〉 are
constant for a given period of data-taking. They are shown in Figure 7.1 for the full dataset
including all periods. On the left-hand side, the results are shown before reweighting while the
pile-up corrections are applied on the right-hand side. The top row shows the distributions after
the inclusive WZ selection as defined later in this chapter. An improvement in the differences
between the observed ATLAS data and the simulation is visible. Remaining discrepancies
after the reweighting are found to be a result of a different longitudinal beam spot size in the
simulation compared to the data. In the bottom row the 〈µ〉 distribution after the electroweak
WZjj selection, also defined later in this chapter, is shown for comparison. The expected
number of events obtained from the simulation is found to be closer to the results observed
with the ATLAS data in the peak of the distribution if the reweighting is applied. In general,
no clear improvement is visible due to the large statistical uncertainties of the observed events.
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(a) Simulated and observed events after inclusive
WZ selection. No pile-up reweighting is applied.
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(b) Simulated and observed events the after inclu-
sive WZ selection. Pile-up reweighting is applied.
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(c) Simulated and observed events after the elec-
troweak WZjj selection. No pile-up reweighting is
applied.
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(d) Simulated and observed events after the elec-
troweak WZjj selection. Pile-up reweighting is ap-
plied.
Figure 7.1: Observed events in the ATLAS data and the expected events from the sim-
ulation as a function of the average interactions per bunch crossing 〈μ〉. The results are
shown after two diﬀerent phase space selections and with or without the pile-up reweighting
corrections. Uncertainties on the simulated distributions include the statistical uncertain-
ties due to a limited number of generated events as well as the luminosity and the theory
systematic uncertainties.
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7.4 Vertex Requirements
The Vertex of the hard interaction and additional pile-up vertices are reconstructed using an
adaptive multi-vertex ﬁtting procedure implemented in the ATLAS software chain [193]. The
primary vertex is deﬁned as the vertex with the highest
√∑
p2T [173]. The sum is taken over
all tracks with the corresponding transverse momentum pT assigned to the vertex. At least
three tracks are required to be associated to the primary vertex.
The longitudinal coordinate of the primary vertex is not well modeled in the simulation. Its
shape is reweighted to match the distribution observed in the ATLAS data with the weights
being derived from Z+jets ﬁnal state measurements [194]. In Figure 7.2 the longitudinal posi-
tion is shown before (left) and after (right) the reweighting. The simulated and the observed
events after the inclusive WZ selection have been selected. Dominating theory and luminosity
systematic uncertainties on the simulated events as well as statistical uncertainties are included
in the uncertainty bands shown in the main plot and in the ratio.
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Figure 7.2: The longitudinal position of the primary vertex for the observed events in
ATLAS data and the expected events from the simulation. The results are shown for
the events selected after the inclusive WZ requirements. While the left ﬁgure is obtained
without vertex reweighting, the longitudinal component of the primary vertex is reweighted
to match ATLAS data based on Z+jets events on the right-hand side. Uncertainties on
the simulated distributions include the luminosity and the theory systematic uncertainties.
Statistical uncertainties are included for all results.
7.5 Trigger
Diﬀerent trigger chains as introduced in Section 6.2.5 are implemented in the ATLAS hardware
and software. Approximately 500 trigger algorithms are deﬁned in the trigger menu of 2012.
This analysis employs single electron and single muon EF decisions. An event is accepted if it
passes at least one trigger decision.
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Information of the muons are taken into account by either EF mu24i tight or EF mu36 tight
trigger algorithms. They are based on an effective transverse momentum (pT) threshold of
24 GeV or 36 GeV and are seeded from L1 mu15. EF mu24i tight applies a relative track
isolation (i) at the EF stage of ∑∆R<0.2 pT(i) < 0.12 pT(µ). The sum is taken over all tracks i
with the corresponding transverse momentum pT(i) within a cone of the radius ∆R = 0.2
around the muon candidate with the transverse momentum pT(µ).
The electron trigger decision is based on EF e24vhi medium1 or EF e60 medium1 with an
effective transverse energy (ET) threshold of 24 GeV or 60 GeV and cuts according to the
medium1 definition. Thresholds at L1 are dependent on the pseudorapidity (v) and use a cut
on the hadronic core isolation (h). At the EF stage a cut on the relative track isolation (i) is
applied: ∑∆R<0.2 pT(i) < 0.1 pT(e).
The trigger efficiency shows a plateau just above the effective ET / pT threshold. To reach
this plateau at least one triggering lepton with a transverse momentum / energy of 1 GeV
above the corresponding trigger threshold is required to be present after all event selection
steps presented in this chapter. Otherwise the whole event is rejected.
By applying a tag-and-probe method [195] trigger efficiencies are derived from the ATLAS
collision data, `data, and the simulation, `sim. The values are dependent on the lepton flavor
` ∈ {e, µ} and are binned in (η, ϕ) for electrons and (η,ET) for muons. Scale factors are
applied to all selected leptons to account for a mismodeling of the trigger efficiencies in the
simulation. The correction is applied on an event-by-event basis and is calculated according
to the following equation:
SF =
1−∏` (1− `data)
1−∏` (1− `sim) . (7.3)
The scale factors applied to the simulated events are mainly found between 0.8 and 1.2 but
can reach values up to 0.5 and 1.5. All values and input files are listed in [196].
7.6 Muon Selection
Muon reconstruction: Muons are reconstructed from a statistical combination of an inner
detector track with a muon spectrometer track using their covariance matrices for evaluating
the fitting procedure. The method is defined within the STACO combined muon identification
algorithm whereof the loose working point definition [197, 198] is required as the baseline
selection in this analysis. Efficiency loss at low transverse muon momenta and due to poorly
covered detector regions (e.g. transition region between the barrel and the end-caps) is re-
covered by adding muon candidates requiring inner detector tracks matched to one or more
segments in the muon spectrometers. The segments are built from single hits using the Muonboy
segment tagged algorithms [199]. Only tracks and segments not associated to a combined
muon are taken into account. Energy loss in the calorimeters is corrected for. The overall
muon reconstruction efficiency for the selected muons after transverse momentum requirement
reaches 98%. It is dropping in regions with a low muon spectrometer coverage.
Inner detector hit quality: Tracks used in the muon reconstruction are required to be built
from a minimum number of hits plus crossed dead pixel sensors in each inner subdetector: At
least one in the pixel layer and at least four in the semiconductor tracker. Less than three
holes are allowed in all silicon layers. A hole is defined as a layer without hits that is crossed
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by the track. More than n hits and outliers within the pseudorapidity region 0.1 < |η| < 1.9
are required in the transition radiation tracker. n is defined as 10/9 times the number of
outliers but is at least five. The definitions are based on studies performed by the ATLAS
Muon Combined Performance Group [198].
Impact parameter requirements: |z0 sin θ| < 0.5 mm and |d0|/σd0 < 3. Requirements on
the transverse and the longitudinal impact parameters are introduced in order to ensure the
primary vertex as the origin of the muon candidates. A detailed definition of both impact
parameters is given in Section 6.2.1. The distance of the muon track with respect to the
primary vertex is required to be less than 0.5 mm in terms of |z0 sin θ|. In addition, the
impact parameter significance, defined as the distance of closest approach d0 with respect to
the primary vertex divided by its resolution σd0 , is required to be less than three. To avoid
potential bias, the impact parameters are calculated after removing the corresponding muon
track from the primary vertex coordinate calculation.
Track isolation: ∑∆R<0.2 pT(i) < 0.15 pT(µ). In order to reject real muons produced within
hadronic jets the track in the inner detector associated to the muon is required to be isolated
from other tracks. All tracks within ∆R = 0.2 around the muon track are considered. The
summed absolute value of the transverse momenta of these tracks is required to be less than
15% of the original muon track transverse momentum.
Kinematic and geometric acceptance: pT > 15 GeV and |η| < 2.5. Corrections to transverse
momenta of simulated muons are applied in order to match the kinematics observed in collision
events. The shape of the invariant mass of the muons produced from J/ψ, Z and Υ candidates
at the corresponding resonance is compared between the simulated and the observed data.
Momentum and resolution scale factors for the transverse momenta measured with the inner
detector and the muon spectrometer are extracted [200] and are applied to all reconstructed
muons in the simulated events. The orientation of the muons is not effected by the correction.
The corrected transverse momentum is required to be larger than 15 GeV. In order to be
within the fiducial volume of the inner detector the pseudorapidity of the muons is required
to fulfill |η| < 2.5.
Scale factors: The reconstruction, the trigger and the isolation efficiencies i are derived
from Z → µ+µ− events using a tag-and-probe method [195] applied to simulated and observed
collision events. The reconstruction efficiency as a function of the pseudorapidity for muons
with pT > 20 GeV derived from simulated and observed data is shown in Figure 7.3.
Scale factors SF = observedi /simulatedi are derived [200] and are applied to each muon in
simulated events to account for potential mismodeling effects.
7.7 Electron Selection
Electron reconstruction and identification: Electron reconstruction is based on cluster al-
gorithms running on the hits in the electromagnetic calorimeter. Clusters are matched to
the tracks reconstructed in the inner detector. Additional electron identification requirements
make use of the track quality and the electromagnetic shower shape information. Electrons in
this work are based on the 2012 loose++ working point definitions [197,201,202].
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Figure 7.3: Muon reconstruction eﬃciency extracted from observed (“Data”) and sim-
ulated (“MC”) events as a function of the pseudorapidity η (left) and the average num-
ber of inelastic proton-proton collisions per bunch crossing 〈μ〉 (right) for muons with
pT > 20 GeV [200]. The selection presented in this work is based on CB+ST (combined
and segment tagged [197]) muons, as shown in black (observation) and red (simulation)
on the left-hand side.
Object quality and liquid argon detector cleaning: In order to avoid inﬂuence of dead front-
end boards in the calorimeters, an electron is rejected if its cluster is aﬀected by dead front-end
boards in at least two calorimeter layers or by the presence of a dead high voltage region [203].
The full event is rejected if it is aﬀected by noise bursts or data integrity errors in the liquid
argon calorimeter as well as trips in the hadronic calorimeters [190].
Impact parameter requirements: |z0 sin θ| < 0.5 mm and |d0|/σd0 < 6. To ensure electrons
are originating from the primary vertex, transverse and longitudinal impact parameter cuts
are applied. They are deﬁned with respect to the track in the inner detector and the unbiased
reconstructed primary vertex. Detailed deﬁnitions are given in Section 6.2.1.
Track isolation: ∑ΔR<0.2 pT(i) < 0.13 ET(e). Relative isolation requirements on the tracks
and the clusters are applied to suppress fake electrons originating from jets. The sum of the
transverse momenta of all tracks i with pT(i) > 1 GeV within a cone of ΔR = 0.2 around
the electron track is required to be less than 13% of the transverse energy measured in the
calorimeter. The cone is deﬁned by neglecting the central electron candidate itself.
Calorimeter isolation: ∑ΔR<0.2ET(i) < 0.14 ET(e). The sum of the transverse energies of
the topological clusters in the calorimeter situated within a cone of ΔR = 0.2 around the
electron candidate is required to be less than 14% of the transverse energy of the electron
candidate. The cone is deﬁned by neglecting the central electron cluster itself.
Kinematic and geometric acceptance: ET > 15 GeV. |η| < 1.37 or 1.52 < |η| < 2.47. In
order to avoid electrons in the transition regions between the barrel and the end-cap calorime-
ters and to ensure the presence of inner detector tracking coverage, the pseudorapidity of the
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reconstructed electron has to be within |η| < 1.37 or 1.52 < |η| < 2.47. The geometric ac-
ceptance and the energy of the electron candidate is defined by calorimeter measurements.
The pseudorapidity and the azimuthal angle are calculated from the inner detector track. En-
ergy measurements are corrected for differences between the observation in ATLAS data and
in simulation. The energy of the simulated electrons is smeared to account for differences
in the energy resolution. The energy of observed reconstructed electrons is calibrated based
on Z → e+e− measurements using ATLAS data recorded in 2012 [204]. After applying the
corrections and the calibration, the simulated as well as the observed electron candidates are
required to fulfill ET > 15 GeV in order to pass the selection.
Scale factors: The reconstruction, the identification and the trigger efficiencies are derived
with a tag-and-probe method. The method is based on clean and unbiased samples with
a characteristic Z → e+e− or J/ψ → e+e− signature [204, 205]. Differences between the
observation and the simulation are parameterized by two-dimensional ET and η dependent
scale factors. They are applied to the selected electrons in simulated events to correct for
mismodeling.
7.8 Jet Selection
Jet reconstruction: Jets are collimated bunches of stable hadrons. They are the experi-
mentally observable objects of the quarks and the gluons. Jet reconstruction starts with the
calorimeter cells. Cells over the full hadronic calorimetry are grouped into clusters by identify-
ing energy deposits in topologically connected cells. Building clusters starts from cells with a
large signal to noise ratio of four. Neighboring cells are added iteratively when above a signal
to noise ratio of two. Finally, all cells on the outer perimeter with a signal to noise ratio above
one are added [206]. The extracted clusters are classified via cluster shape analysis. Hadronic
clusters are locally calibrated at the hadronic scale by local cell signal weighting (LCW [207]).
Dead material as well as out-of-cluster energy corrections [208] are taken into account.
Calorimeter jets are formed by an anti-kT [103] clustering algorithm [209] with a radius
parameter R = 0.4. The algorithm provides collinear as well as infrared safety to ensure
robustness against collinear splittings and soft gluon radiations. It is applicable at parton
as well as particle level after detector effects. Two measures of two clusters i and j with
corresponding transverse momenta pT, rapidities y and azimuthal angles ϕ are central to the
algorithm:
di,j = min
(
p−2T,i, p
−2
T,j
)
R−2
[
(yi − yj)2 + (ϕi − ϕj)2
]
(7.4)
di = p−2T,i. (7.5)
The smallest measure di,j or di for all possible combinations of single clusters and combined
clusters from previous iteration steps is extracted. In case of di,j as the global minimum, the
clusters i and j are combined and the algorithm starts again. If the minimum is found to be
a di, the combined cluster i is declared as a jet, removed from the list and the algorithm is
executed again until no clusters are left. The inverse squared transverse momentum appears in
both measures. As a consequence the anti-kT algorithm clusters constituents with the highest
transverse momentum first.
The resulting calorimeter jet objects do not exhibit the summed transverse momenta of the
particles they originated from. This is a consequence of uninstrumented regions of the detector,
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energy deposition outside the jet objects, noise thresholds as well as reconstruction inefficien-
cies. To take into account such effects the following corrections are applied: Calorimeter jets
are corrected for an energy offset introduced by pile-up [210] and the jet direction is adjusted
so it originates from the primary vertex. The energy and the pseudorapidity are calibrated
to the particle jet scale based on simulations [211]. As a last step, jets are calibrated to the
parton level (in-situ calibration) by using the data from W → jj mass constraints and the
transverse momentum balance in Z/γ + jets events [208]. The resulting jet objects form the
basis for all analysis selections presented in this work.
Jet-vertex association: JVF > 0.5. To identify jets originating from pile-up processes a jet-
vertex fraction JVF(jeti, vtxj) is defined [212,213]. It is a measure of the probability for a jet i
to originate from a particular vertex j. All inner detector tracks k associated to the calorimeter
jet i are taken into account. For each track a list of closest vertices vtxki is calculated defined
by |z0 sin θ| < 2 mm and d0 < 2.5 mm [214]. The jet-vertex fraction is calculated as the sum
of the transverse momenta of the tracks associated to the jet with the vertex j on the list of
closest vertices divided by the sum of the transverse momenta of all tracks assigned to the jet:
JVF(jeti, vtxj) =
∑
k
(
pT(trkki ) if vtxj ∈ vtxki
)
∑
k pT(trkki )
. (7.6)
The jet-vertex fraction of the jets with respect to the primary vertex vtx1 is employed to
remove jets originating from pile-up interactions. A jet i is discarded if JVF(jeti, vtx1) ≤ 0.5.
Inner detector tracking coverage and kinematic constraints are taken into account by only
considering the jets with |η| < 2.4 and pT < 50 GeV for this veto. Jets with no associated
tracks in the inner detector5 are not taken into account.
Jet cleaning: Jets are discarded if they are affected by spikes in the hadronic end-cap
calorimeters, coherent noise in the electromagnetic calorimeters or if they are assigned to
non-collision background or cosmic ray showers. In addition there was a hot hadronic barrel
calorimeter cell not consistently treated during the jet reconstruction. A data collision event
is rejected if a reconstructed jet falls into this region and has its highest energy fraction in the
affected calorimeter layer [215].
Kinematic and geometric acceptance: pT > 30 GeV and |y| < 4.4. Fully in-situ calibrated
jets are required to pass a cut on the transverse momentum, pT > 30 GeV, and the rapidity,
|y| < 4.4. The cut on the transverse momentum is a compromise between pile-up robustness,
the background suppression and the signal efficiency. Its value has not been optimized in
detail for this analysis but is adopted from a study with a similar final state [22]. Variations of
±5 GeV result in a lower final discovery significances for WZjj-EW. The calorimeter coverage
is represented by the rapidity constraint.
7.9 Missing Transverse Momentum
The transverse momentum imbalance in the detector is defined as the missing transverse
momentum /pT. Incoming protons do not possess significant transverse momentum. Due to
5Within the ATLAS software these jets possess a jet-vertex fraction of -1 by convention. They are ignored in
the jet-vertex fraction veto by replacing the JVF by its absolute value: |JVF| > 0.5.
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the conservation of the momentum, /pT is attributed to particles escaping the detection. By
assuming Standard Model particles and neglecting misidentification of detectable particles by
averaging over a large number of events, the only candidates are the neutrinos.
Calorimeter cells associated to electrons, photons, taus and jets, calibrated to the corre-
sponding scale, are taken into account in the calculation. Topological clusters not associated
to these objects (soft terms) are added as well. Energy loss in the cryostats is taken into
account by correction factors. Muon terms are calculated from the sum of selected muon track
transverse momenta in the muon spectrometers.
Jet and soft terms are highly pile-up dependent and the missing transverse momentum
calculation is deteriorated in interactions with larger pile-up contributions. The jets within
|η| < 2.4 fulfilling pT < 50 GeV and JVF ≤ 0.5 are discarded from the missing transverse
momentum calculation. Soft terms are multiplied by the soft term vertex fraction STVF [216].
Similar to JVF, the STVF is defined by the summed transverse momentum of the tracks
matched to a soft term. It is calculated as the sum of these tracks associated to the primary
vertex divided by the summed transverse momentum of all associated jets.
Effects of the object definitions, the pile-up suppression and the performance of the missing
transverse momentum calculation are covered in detail in [216] based on the ATLAS data
recorded in 2012 at a center-of-mass energy of
√
s = 8 TeV. The derived systematic uncer-
tainties are included into the selections presented in this work in Section 9.1.4.
7.10 Overlapping Objects
Particles traversing the detector can be identified by different reconstruction algorithms at
once. Furthermore, overlapping objects can be produced in a collision event. This is dealt for
with geometric requirements based on the distance measure ∆R introduced in Equation (6.9).
Muon-muon ambiguity: Multiple reconstruction and overlap is not observed after the
muon quality requirements and the application of the TrackSelectorProcessorTool [217]
applied during the reconstruction.
Muon-electron ambiguity: Muons traversing the detector can be reconstructed as both,
a muon and an electron in one event. This is mainly the result of photons radiated off the
muons (bremsstrahlung, final state radiation). As a consequence all selected electrons within
a cone of ∆R = 0.1 around a selected muon are not taken into account.
Electron-electron ambiguity: Multiple reconstruction of electrons as well as electrons
paired with low transverse momentum companions is observed. This duplication is mainly re-
moved due to the electron author requirements [201]. If a selected electron is still found within
a cone of ∆R = 0.1 around another electron the one with the lower transverse momentum is
rejected.
Muon-jet ambiguity: Heavy flavor decays and the jet fragmentation can produce addi-
tional muons close to the jet. Such muons are mostly rejected during the muon selection
by the impact parameter and the isolation requirements but a small residual contamina-
tion is observed. On the other hand, the jets might originate from final state radiation or
bremsstrahlung photons and the muons produced in the hard interaction might overlap with
other reconstructed jets. The ambiguity is resolved by rejecting jets within a cone of ∆R = 0.3
around a fully selected muon.
Electron-jet ambiguity: Jets and electrons are reconstructed from clusters in the calorime-
ters. Although algorithms are applied to reject jets being reconstructed as electrons [201], a
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residual contamination is observed. Furthermore, close-by electrons and jets can bias each
others position and energy measurements. In this work, all jets within a cone of ΔR = 0.3
around the selected electrons are rejected and no position and energy corrections are applied.
7.11 Lepton Number Requirement
In order to suppress the background from ZZ → +−′ +′ − processes, events with four or
more leptons are discarded. Events with less than three leptons are also not considered since
this contradicts the signal selection of leptonically decaying WZ events.
N(, pT > 7 GeV) = 3. (7.7)
The leptons are selected according to Section 7.6 and 7.7 with the only diﬀerence of a reduced
cut on the transverse momentum of pT > 7 GeV to gain veto eﬃciency. Further lowering the
cut on the transverse momentum as well as applying diﬀerent quality cuts resulted in a small
gain in terms of the veto eﬃciency. Leading contribution to a failing veto are leptons in the
region with a limited detector coverage that are not reconstructed.
Shown on the left-hand side of Figure 7.4 is the number of additional leptons considered for
a veto after the inclusive WZ selection. The plot on the right-hand side shows the transverse
momentum of the leading (in terms of the transverse momentum) additional lepton triggering a
veto of the event. After the inclusive WZ selection, 8.6% of the remaining collision data events
are discarded by the veto. Derived from the simulation, 52.5% of the residual ZZ background
is removed by this cut. Just 0.3% of the inclusive WZ and 0.7% of the WZjj-EW events are
aﬀected. They tt¯V background yield is decreased by 14.3%.
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Figure 7.4: Leptons after the inclusive WZ selection considered for a lepton number veto.
Left: The number of additional leptons in the event besides the selected leptons associated
to the WZ candidates. Right: The transverse momentum of the leading (in terms of the
transverse momentum) additional lepton. Uncertainties on the simulated distributions
include the statistical uncertainties due to a limited event count as well as the luminosity
and the theory systematic uncertainties.
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7.12 Z Boson and W Boson Association
Exactly one Z boson candidate is selected by an association to its leptonic decay products. The
assignment is based on all selected leptons in the event according to Section 7.6 and 7.7. The
quality requirement of the electrons is increased to medium++ in order to suppress background
contributions [201, 218]. The lepton pair with same ﬂavor and opposite electric charge sign
with an invariant mass closest to the mass of the Z boson6 is picked. If no such pair is found
the event is discarded.
If an additional lepton meeting the following stricter selection criteria (optimized in [218])
is present it is associated to the W boson candidate:
– electron quality: tight++ [201]
– electron calorimeter isolation:
∑
ΔR<0.3ET(i) < 0.14 ET(e)
– electron track isolation:
∑
ΔR<0.3 pT(i) < 0.10 ET(e)
– muon track isolation:
∑
ΔR<0.3 pT(i) < 0.15 pT(μ)
– transverse momentum of the electrons and the muons: pT() > 20 GeV.
Figure 7.5 shows the invariant mass of the leptons associated to the Z candidate after the
Z and the W association. On the left-hand (right-hand) side events with an e+e− (μ+μ−)
pair associated to the Z candidate are shown. Simulated events are shown with the statistical
uncertainties as well as all systematic uncertainties covered in Chapter 9. No signiﬁcant
diﬀerences between the distributions obtained from the ATLAS data and the simulated events
are observed. In the interesting region around the pole mass of the Z boson a shift for the
Z → e+e− events is visible in the ratio.
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Figure 7.5: Invariant mass of the leptons associated to the Z candidate. Events after
the Z and the W association are selected. On the left-hand (right-hand) side the events
with an e+e− (μ+μ−) pair associated to the Z candidate are shown. The lepton ﬂavors
and the electric charges of the W decay products are not restricted. Uncertainties on the
simulated distributions include the statistical as well as the systematic uncertainties.
6Using the current best-ﬁt value of mZ = 91.1876 GeV [2].
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The transverse mass of the W boson candidate is shown in Figure 7.6. No longitudinal
information enters the deﬁnition. The mass is calculated according to Equation (7.1) based
on the missing transverse momentum /pT and the lepton associated to the W candidate 3. No
signiﬁcant deviations from the SM expectations are observed.
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Figure 7.6: Transverse mass of the W boson candidate. Events after the Z and the
W association are selected. On the left-hand (right-hand) side the events with e± (μ±)
associated to the W boson candidate are shown. The lepton ﬂavors of the Z boson de-
cay products are not restricted. Uncertainties on the simulated distributions include the
statistical as well as the systematic uncertainties.
7.13 Z Mass and W Transverse Mass Constraints
To further suppress the contributions from background processes, requirements on the Z and
the W candidates are introduced: No Z boson is present for the tt¯ and the tt¯W production.
These processes pass the signal selection due to misassignments. Hence a restriction of the
invariant mass of the lepton pair associated to the Z candidate to the region around the mass
of the Z boson will reduce their contribution. Processes with Z bosons produced in the hard
interaction, Z, Zγ, ZZ and tt¯Z production in association with jets, will also be suppressed by
this cut due to oﬀ-shell Z bosons, virtual photon contribution7 and misassignment of the ﬁnal
state leptons.
Final states without W boson and without neutrino from its leptonic decay, Z, Zγ and
ZZ production in association with jets, will be suppressed by a cut on the transverse mass of
the W candidate. While for real W bosons the distribution peaks just below the mass of the
W boson, lower values are expected from the backgrounds without W boson produced in the
hard interaction (see Figure 7.6).
7As stated in detail in Appendix A, Z bosons and oﬀ-shell photons γ are included in the deﬁnition of Z in
experimental sections throughout this work.
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(a) Optimization of a symmetric cut around the
mass of the Z boson on the invariant mass of
the leptons associated to the Z candidate. Events
passing the Z and the W candidate assignment
are used.
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(b) Optimization of a cut on the transverse mass
of the W boson candidate based on the events
passing the Z and the W assignment and a sym-
metric Z mass window cut of 10 GeV shown in
Equation (7.9).
Figure 7.7: Optimization of the Z and the W selection criteria. Discovery signiﬁcance
Zd deﬁned in Equation 7.8 is shown in the lower part of the ﬁgures after the corresponding
cuts being applied. In the left (right) ﬁgure the events in the higher (lower) region with
respect to the cut value are rejected due to the cut. Optimal cuts for the combined WZ and
WZjj-EW production and the pure WZjj-EW production are shown as vertical lines.
As the ﬁgure of merit for the optimization, the discovery signiﬁcance Zd is calculated as
Zd =
S√
B + (ΔB)2syst.
. (7.8)
S denotes the total number of expected signal events and B is the total number of events
expected from the background. The denominator is representing the expected total back-
ground uncertainty by quadratically adding the statistical uncertainty
√
B and the systematic
uncertainty (ΔB)syst..
Figure 7.7a visualizes the optimization of a symmetric cut around the mass of the Z boson on
the invariant mass of the leptons associated to the Z candidate. The optimization is performed
after the Z boson and the W boson assignment. All systematic uncertainties presented in
Chapter 9 are considered. Combined WZ and WZjj-EW production or the pure WZjj-EW
process are deﬁned as the signal separately. Remaining expected Standard Model processes
derived from simulations are deﬁned as the background. Here, the fake lepton background is
not derived from the ATLAS data but is fully extracted from Sherpa simulations.
The optimal cut on |M(Z)−mZ | is found to be 12 GeV if combinedWZ processes are deﬁned
as the signal and 23 GeV for pure WZjj-EW as signal. In the ﬁnal analysis, the following cut
on M(Z) ≡ M(12) is applied with the leptons 1 and 2 associated to the Z candidate:
|M(Z) −mZ | < 10 GeV. (7.9)
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The difference to the optimized cut with combined WZ as signal is a result of modified isolation
criteria and the signal cross section not being normalized to next-to-leading order calculations
during a previous optimization iteration. In addition, the systematic uncertainties shown here
(especially the theory uncertainties) are derived with more advanced methods and were subject
to modifications. Adapting the new cut value of 12 GeV is not possible due to the advanced
state of an ongoing publication [218].
The optimization of a cut on the transverse mass of the W candidate is affected by ac-
companying measurements (e.g. polarization studies) and the background estimations. In
Figure 7.7b the optimization is shown after the application of the selected cut on the invariant
mass of leptons associated to the Z candidate, Equation (7.9). The optimal cut based on
the figure of merit defined in Equation (7.8) for the combined inclusive WZ and electroweak
WZjj production is found to be MT(W ) > 55 GeV. This cut value is inapplicable for po-
larization measurements [218] not covered in this work. Given that the set of cuts presented
and optimized in this chapter is the basis of a whole chain of analyses (including polarization
measurements and the electroweak gauge boson scattering selection) the final cut is defined
with a lower value suitable for the other studies:
MT(W ) > 30 GeV. (7.10)
Applying no cut on the transverse mass of the W candidate would be the optimal choice for
a WZjj-EW signal selection. Fully removing the cut is not possible since the inverted cut is
the basis for defining control regions as the input to the fake lepton background estimations
presented in Section 8.2. Furthermore, additional cuts on the jets will be introduced and
optimized for the WZjj-EW selection not yet included here. These cuts are powerful in the
background suppression decreasing the importance of a cut on the transverse mass of the
W candidate. As a result, the cut value (7.10) optimized for the inclusive WZ measurement
is adopted for the WZjj-EW selection without further optimizations.
Although cuts on different objects (the decay products of the Z boson and the W boson
candidates) are applied, a mutual interference between both cut optimizations is possible. An
iterative approach would be the preferred method. This would imply reoptimizing the cut on
the Z mass constraint with the applied optimal W transverse mass cut and so forth. Since
the final cut values are deviating from the optimized ones anyway, no iterative approach is
applied.
In addition, a symmetric window around the Z mass is required. This is not expected to
be optimal due to an asymmetry of the invariant mass peak around the mass of the Z boson.
Optimal cut values with WZjj-EW as signal are shown for comparison but are expected
to differ significantly after the electroweak WZjj selection. They are not adopted for the
electroweak gauge boson scattering analysis.
7.14 Inclusive WZ Selection
All collision data event selection requirements covered up to this point are referred to as the
inclusive WZ selection.
The results presented in this section include the background estimates from the ATLAS data
and the simulation as covered in Chapter 8. Quoted uncertainties of the expected signal and
background yields include the statistical uncertainties due to a limited number of simulated
events as well as all systematic uncertainties covered in Chapter 9. Statistical and systematic
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uncertainties arising from the fake lepton background estimation based on the ATLAS data are
included as well. All uncertainties are assumed to be uncorrelated and are added in quadrature
per bin.
Control distributions of the electroweak gauge boson candidates are shown in Figure 7.8.
Inclusive WZ and WZjj-EW processes, properly defined in Appendix A, are shown separately.
The top row illustrates the transverse momentum and the invariant mass of the Z candidate,
obtained by adding the four-momentum vectors of the associated leptons. The transverse
momentum and the transverse mass of the W boson candidate are shown in the bottom row.
They are calculated from the lepton associated to the W candidate and the missing transverse
momentum. No deviations from the SM expectations are visible in the observed ATLAS
data. Additional distributions, also split up into final state channels and the electric charge
of the W candidate, are presented in Appendix F. Simulated samples and the corresponding
generators, cross sections, k factors, filtering efficiencies and references are summarized in
Appendix D.
Due to the unknown longitudinal component of the missing transverse momentum and
therefore unknown z momentum component of the neutrino, the W candidate cannot be fully
reconstructed without additional input. Following previous studies [188, 219] the longitudinal
momentum component of the neutrino is calculated by assuming an on-shell W boson with a
mass of its current best-fit value of mW = 80.385 GeV [2]. Four-momentum conservation of
the W → `ν process,
m2W = (p(`) + p(ν))2 (7.11)
= m2` +m2ν + 2 (E(`)E(ν)− p(`)p(ν)) , (7.12)
is transformed into a quadratic equation for the longitudinal component of the neutrino, pz(ν).
The masses of the neutrino and the lepton are neglected because of being small compared to
the energies involved in this process.
p2z(ν) + b pz(ν) + c = 0. (7.13)
The following definitions are introduced:
b = −2hpz(`)
E2(`)− p2z(`)
(7.14)
c =
E2(`)/p2T − h2
E2(`)− p2z(`)
(7.15)
h = 12m
2
W + px(`)/px + py(`)/py. (7.16)
Inputs are the energy E(`) and the momentum components px(`), py(`), pz(`) of the lepton `
and the missing transverse momentum /pT =
√
/p2x + /p
2
y
representing the transverse momentum
of the neutrino ν.
A quadratic equation can have exactly zero, one or two real solutions, depending on the
value of the discriminant d ≡ b2 − 4c. In case of exactly one real solution (d = 0) its value is
picked as the longitudinal momentum component of the neutrino. If no real solutions are found
(d < 0) the real part −b/2 of the complex solutions is chosen and if the quadratic equation
has two solutions (d > 0) the solution with the smallest magnitude is picked.
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Figure 7.8: Control distributions of the boson candidates after inclusive WZ selection.
Top: Z boson candidate distributions in terms of the vectorially summed transverse mo-
mentum and the invariant mass of the two leptons from its decay. Bottom: W boson
candidate distributions with the vectorially summed transverse momentum of the lepton
and the missing transverse momentum from its decay (left) and the transverse mass de-
ﬁned in (7.1). The background due to fake leptons is derived from ATLAS data. All
systematic uncertainties covered in Chapter 9 are included and are added in quadrature
per bin by assuming no correlations between the diﬀerent components and processes.
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The transverse mass distribution of the WZ pair candidate is shown on the left-hand side
of Figure 7.9:
M2T(WZ) =
(
pT(1) + pT(2) + pT(3) + /pT
)2
−
(
px(1) + px(2) + px(3) + /px
)2
−
(
py(1) + py(2) + py(3) + /py
)2
. (7.17)
On the right-hand side the invariant mass M(WZ) is presented. It is calculated based on the
four-momenta p of the three leptons and the neutrino, including the calculated longitudinal
neutrino momentum component:
M2(WZ) = (p(1) + p(2) + p(3) + p(ν))
2 . (7.18)
Additional distributions of the WZ candidate are shown in Appendix F.
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Figure 7.9: Control distributions of the WZ pair candidate after the inclusive WZ selec-
tion. Left: Transverse mass calculated according to Equation (7.1). Right: Invariant mass
(Equation (7.18)) calculated with the derived longitudinal component of the neutrino based
on the method covered in the main text. The background due to fake leptons is derived
from the ATLAS data. All systematic uncertainties covered in Chapter 9 are included
and are added in quadrature per bin by assuming no correlations between the diﬀerent
components and processes.
The total event yield after the inclusive WZ selection is summarized in Table 7.1. Expected
results for the inclusive WZ and the electroweak WZjj production as well as the expected and
observed total Standard Model background are presented and compared to the observation
based on ATLAS data. The diﬀerence between the observation and the Standard Model
expectation is quantiﬁed. Results split up into ﬁnal state channels are shown in Table F.1 in
the appendix.
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Table 7.1: Event yields after the inclusive WZ selection. All systematic uncertainties
covered in Chapter 9 are included and are added in quadrature by assuming no correlations
between the different components and processes.
observed ATLAS data 2091
Standard Model expectation 2156.8± 9.6 (stat.) +133.1−135.2 (syst.)
WZ signal (Sherpa simulation) 1750.8± 8.0 (stat.) +129.7−132.7 (syst.)
WZjj-EW signal (Sherpa simulation) 24.7± 0.3 (stat.) +2.7−4.2 (syst.)
total Standard Model background 381.3± 5.3 (stat.) +29.7−25.3 (syst.)
fake leptons (ATLAS data) 198.1± 4.2 (stat.) +26.3−21.2 (syst.)
ZZ (Sherpa simulation) 136.1± 3.2 (stat.) +10.5−10.7 (syst.)
tt¯V (MadGraph simulation) 28.3± 0.4 (stat.)± 8.5 (syst.)
tZj (Sherpa simulation) 15.8± 0.2 (stat.)± 1.9 (syst.)
V V V (MadGraph simulation) 3.0± 0.1 (stat.)± 0.3 (syst.)
(1− observed/expected) / % 3.1 +6.4−6.5
signal/background 4.7
7.15 Electroweak WZjj Selection
The selection of the process related to electroweak gauge boson scattering is performed on top
of the inclusive WZ requirements. No object and event selection criteria are changed in order
to rely on common methods for estimating the backgrounds, defining the control regions and
calculating the systematic uncertainties.
While the main goal is an extraction of the electroweak WZjj production (WZjj-EW),
not even the strong WZjj process (WZjj-QCD) has been measured before. Both processes
possess at least two quarks or gluons from the hard interaction at leading order. This induces
a requirement of at least two reconstructed jets:
N(j) ≥ 2. (7.19)
The jet multiplicity distribution after the inclusive WZ selection is shown in Figure 7.10. Jets
are reconstructed and defined according to the object selection described in Section 7.8. The
expectation from the Standard Model and the observed ATLAS data agree within uncertain-
ties up to the last bin containing ATLAS data points. Inclusive WZ production, corresponding
to WZjj-QCD for two or more jets – see Appendix A for a discussion of the naming conven-
tions, is the dominating contribution up to this bin. The expected WZjj-EW event yield is
about one order of magnitude smaller. Additional distributions of the jets after the jet mul-
tiplicity requirement (7.19) are collected in Appendix F.3.1. No separate measurement and
optimization of WZjj-QCD is performed since the jet multiplicity distribution of the inclusive
WZ production, including electroweak WZjj, is unfolded in Chapter 11. In the following,
the inclusive WZ production is labeled after its dominant contribution, WZjj-QCD, although
events with other jet multiplicities are included after the selection.
Typical separating variables between WZjj-EW and its main background, WZjj-QCD pro-
duction, take advantage of the signature of electroweak gauge boson scattering (see Section 3.3):
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Figure 7.10: Jet multiplicity distribution after the inclusive WZ selection. The statis-
tical uncertainties of the observed ATLAS data events and the expected Standard Model
distributions are shown. The systematic uncertainties of the Standard Model distributions
include what is presented in Chapter 9. The uncertainties are assumed to be uncorrelated
and are added in quadrature. The background due to fake leptons is derived from the
ATLAS data and its uncertainties are included in the combined statistical and systematic
uncertainties.
The invariant mass of the tagging jets M(j1j2), the rapidity separation between the tagging
jets Δy(j1, j2), centralities ζ deﬁned in Section 3.3.2 and a veto on central jets due to low
hadronic activity in the rapidity region between the tagging jets.
As shown and derived in Section 10.6, the discovery signiﬁcance for WZjj-EW is well below
two sigma. Hence, the selection of WZjj-EW is optimized for an optimal measurement of its
cross section. The selected ﬁgure of merit Zm is calculated from the expected signal event
yield S, the total expected and observed background event yield B and the total systematic
uncertainty of the signal (ΔS)syst. and the background (ΔB)syst.:
Zm =
S√
S +B + (ΔS)2syst. + (ΔB)2syst.
. (7.20)
It corresponds to the inverse of the relative uncertainty of the total event yield by quadrati-
cally adding the statistical (
√
S +B) and the systematic uncertainties of the signal and the
background.
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Figure 7.11: Optimization of a cut on M (j1 j2 ) (left) and Δy(j1 , j2 ) (right) based on Zm
as the ﬁgure of merit deﬁned in Equation (7.20). Results on the left-hand side are obtained
after the inclusive WZ selection and a requirement of at least two selected jets while the
results on the right-hand side are shown after an additional cut of M (j1 j2 ) > 500 GeV .
The lower region with respect to the cut value is rejected due to the cut. Optimal cuts
deﬁned by a maximized ﬁgure of merit are shown as vertical lines. The background due
to fake leptons is derived from the ATLAS data. All systematic uncertainties covered in
Chapter 9 are included and are added in quadrature per bin by assuming no correlations
between the diﬀerent components and processes.
Optimization of a cut on the invariant mass of the tagging jets is depicted on the left-hand
side of Figure 7.11. The upper plot shows the total Standard Model expectation per bin with
the statistical and the systematic uncertainties added in quadrature. The signal uncertainty
onWZjj-EW production is shown separately as well. The value of the ﬁgure of merit Zm after
the corresponding cut on M(j1j2) is presented on the bottom. Events with larger invariant
mass as the cut value are kept. The total systematic uncertainty input to Zm is calculated
by quadratically adding the maximum systematic uncertainty per kept bin. The maximum of
Zm, corresponding to a minimum relative uncertainty of the total event yield, is visualized by
a vertical line at M(j1j2) = 900 GeV.
The optimization is dependent on the cross section scaling factors for the signal and the
background, the systematic uncertainties and the background estimation from the ATLAS
data with associated uncertainties. A ﬁrst optimization with not fully ﬁnished results for
these quantities lead to a plateau between 500 GeV and around 700 GeV in terms of this
ﬁgure of merit. As a direct consequence, a cut of
M(j1j2) > 500 GeV (7.21)
was picked as the optimal cut to keep as many observed events as possible. All theory system-
atic uncertainties, the unfolded diﬀerential distributions as well as the constraints on anomalous
quartic electroweak gauge couplings are performed based on a phase space deﬁned with this
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cut. In contrast, the fully optimized cut value is found to be (900 ± 100) GeV. The uncer-
tainty is a result of the binning introduced to effectively derive the systematic uncertainties
and the fake lepton background from the ATLAS data. Results in terms of differential dis-
tributions and measured cross sections are presented for an increased, and optimized, cut of
M(j1j2) > 800 GeV as well. The theory systematic uncertainties are assumed to be indepen-
dent on the cut values and are only estimated in a phase space defined by the cut (7.21).
Adding additional restrictions on other kinematic variables results in only small improve-
ments in terms of the significance. The optimization of a cut on the rapidity difference between
the tagging jets is shown on the right-hand side of Figure 7.11 after applying the cut (7.21)
of M(j1j2) > 500 GeV. Driven by just small improvements and an almost constant figure of
merit for cuts below ∆y(j1, j2) ≈ 2, no cut on this variable is introduced to the selection.
Possible improvements due to a veto on central jets (CJV) are studied. It is adopted from
similar analyses of processes with tagging jet signature [137,220,221] and is theoretically based
on a missing color flow between the two initial quarks of the electroweak WZjj processes at
tree level [222]. An event is rejected if it contains jets between the tagging jets in terms of
their rapidity. The veto is performed for jets with a lowered transverse momentum threshold
of pT > 20 GeV in order to increase the veto efficiency. In Table 7.2, the total event yields
without and with a CJV are compared. A background suppression of 52% with a decrease
of the expected signal yield of just 23% shows the power of this cut. The discovery and the
measurement significances increase by more than 20%.
No CJV is introduced in the final event selection due to an introduction of potentially large
systematic uncertainties. Furthermore, no simulation of a third jet from the hard interac-
tion matched with the parton shower was possible in the Sherpa electroweak WZjj signal
simulation due to observed instabilities and computing limitations. Additional studies and
definitions of control regions are required in order to increase the quality and the confidence
in the modeling of additional central jets in the simulation.
Table 7.2: Central jet veto (CJV) study after the electroweak WZjj selection. Event
yields after the selection without and with a CJV are shown. The results without a CJV
include all statistical and systematic uncertainties while the results with a CJV only in-
clude the statistical, the theory and the luminosity uncertainties. Final uncertainties are
symmetrized at the maximal value. In the rightmost column the ratios between the event
counts with and without a CJV are shown. All numbers are scaled to the luminosity of
the analyzed ATLAS data recorded in 2012.
no CJV with CJV ratio
WZjj-QCD (Sherpa simulation) 25.4± 5.6 12.1± 2.4 0.48
fake leptons (ATLAS data) 2.7± 0.7 0.8± 0.2 0.28
tZj (Sherpa simulation) 2.3± 0.3 1.8± 0.2 0.79
ZZ (Sherpa simulation) 2.0± 0.7 1.2± 0.4 0.63
tt¯V (MadGraph simulation) 1.7± 0.5 0.4± 0.1 0.25
total Standard Model background 34.0± 5.7 16.3± 2.5 0.48
WZjj-EW (Sherpa simulation) 8.5± 1.5 6.5± 1.1 0.77
Zd 1.1 1.4 1.32
Zm 1.0 1.2 1.23
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Figure 7.12: Optimization of a cut on the lepton centrality (left) and the boson centrality
(right) based on Zm as the ﬁgure of merit deﬁned in Equation (7.20). Centralities ζ are
introduced in Section 3.3.2. The results are obtained after the electroweak WZjj selection
including a cut on M (j1 j2 ) > 500 GeV . The lower region with respect to the cut value is
rejected due to the cut. Optimal cuts deﬁned by maximizing the ﬁgure of merit are shown
as vertical lines. Background due to fake leptons is derived from the ATLAS data. All
systematic uncertainties covered in Chapter 9 are included and are added in quadrature
per bin by assuming no correlations between the diﬀerent components and processes.
Final state W and Z boson candidates of the WZjj-EW production tend to be more central
in terms of the pseudorapidity compared to the tagging jets. Optimizations of centrality
variables ζ introduced in Section 3.3.2 are visualized in Figure 7.12. All electroweak WZjj
selection criteria including a cut of M(j1j2) > 500 GeV are applied. The optimal cuts deﬁned
as the maxima of the ﬁgure of merit (Zm, introduced in Equation (7.20)) distributions are
shown as blue vertical lines in the corresponding bottom plots. No signiﬁcant improvements
are observed and no cuts on centrality variables are introduced.
The total event yield after the electroweak WZjj selection and a comparison between the
observed ATLAS data and the expected and observed Standard Model contributions are shown
in Table 7.3. Results after harder cuts on the invariant tagging jet mass are shown for compar-
ison. The dominant background stems from strongWZjj production. Background due to fake
leptons is derived from the ATLAS data. All systematic uncertainties covered in Chapter 9
are quoted. A non-signiﬁcant excess in the results obtained from ATLAS data is observed
compared to the Standard Model results. When quadratically adding the statistical and the
systematic uncertainties, the excess is quantiﬁed by n times the total uncertainty σ. It in-
creases with an increasing cut on the tagging jet invariant mass but is found to be about 1σ
only.
Kinematic distributions of the ﬁnal state W and Z boson candidates and the tagging jets j1
and j2 are shown in the Figures 7.13 and 7.14. Additional kinematic distributions are col-
lected in Appendix F.3.1. No signiﬁcant deviations between the ATLAS data and the Stan-
dard Model expectations are observed in all presented distributions. Although dominated by
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Table 7.3: Event yield after the electroweak WZjj selection (M (j1 j2 ) > 500 GeV ) and
after harder cuts on M (j1 j2 ). Quoted uncertainties include the statistical uncertainties
due to a limited number of events (first value) and the systematic uncertainties covered in
Chapter 9 (second value). The contribution of the triple electroweak gauge boson produc-
tion V V V is below 0.01 expected events and is not shown. Determination of the observed
excess compared to the expectation from the Standard Model as well as the expected dis-
covery Zd and measurement Zm significance are introduced in the main text.
cut on M(j1j2) / GeV 500 800 1200
observed ATLAS data 45 19 8
expected signal (Sherpa simulation) 8.5± 0.2 +1.0−1.5 5.0± 0.2 +0.6−0.9 2.49± 0.10 +0.30−0.44
Standard Model background 34.0± 1.2 +5.5−4.6 9.6± 0.6 +1.8−2.0 2.23± 0.30 +0.52−0.37
WZjj-QCD (Sherpa simulation) 25.4± 1.0 +5.5−4.6 7.2± 0.5 +1.7−2.0 1.65± 0.25 +0.51−0.35
fake leptons (ATLAS data) 2.7± 0.6 +0.4−0.3 0.9± 0.3 +0.2−0.1 0.21± 0.16 +0.06−0.05
tZj (Sherpa simulation) 2.3± 0.1± 0.3 0.7± 0.4± 0.1 0.15± 0.02± 0.03
ZZ (Sherpa simulation) 2.0± 0.3 +0.3−0.6 0.4± 0.1± 0.1 0.15± 0.05 +0.04−0.09
tt¯V (MadGraph simulation) 1.7± 0.1± 0.5 0.4± 0.1± 0.1 0.07± 0.02± 0.2
(observed/expected− 1) / % 5.9 +21.3−20.1 30.1 +34.8−36.1 69.5 +64.7−64.4
n = (observed− expected)/σ 0.3 0.9 1.1
expected Zd 1.1 1.4 1.6
expected Zm 1.0 1.2 1.1
the WZjj-QCD production, this induces limits on models parameterizing physics beyond the
Standard Model as covered in Section 12.
The kinematic distributions and the cut optimization for an increased cut on the tagging jet
invariant mass of M(j1j2) > 800 GeV are shown in Appendix F.4. As presented in Table 7.3,
this region is still dominated by background processes contributing two-third to the total
expected event yield. The backgrounds are highly dominated by strong WZjj production.
After an additional increase of the cut to M(j1j2) > 1200 GeV, the signal region gets
dominated by the electroweak WZjj process. Based on the ATLAS data recorded in 2012, the
resulting statistical uncertainty is still too large in order to introduce a cut that tight.
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Figure 7.13: Distributions of the W boson and Z boson candidates after the electroweak
WZjj selection. Top row: The invariant mass and the transverse mass deﬁned in Equa-
tion (7.18) and (7.17). Middle: The transverse momentum and the pseudorapidity of the
WZ pair as well as the scalar sum of the transverse momenta of the three leptons and the
neutrino. Bottom: Transverse momentum, azimuthal angle and pseudorapidity diﬀerence
between the W boson and the Z boson candidates. The background due to fake leptons
is derived from the ATLAS data. All systematic uncertainties covered in Chapter 9 are
included and are added in quadrature per bin by assuming no correlations between the
diﬀerent components and processes.
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Figure 7.14: Invariant mass of the tagging jet pair (top left) and additional distributions
of the tagging jets after the electroweak WZjj selection. Top left: The rapidity diﬀerence
between the two tagging jets. Bottom row: The azimuthal angle diﬀerence between the
tagging jets and between the tagging jet and the WZ pair. The background due to fake
leptons is derived from the ATLAS data. All systematic uncertainties covered in Chapter 9
are included and are added in quadrature per bin by assuming no correlations between the
diﬀerent components and processes.
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7.16 Visualization of Observed Electroweak Gauge Boson
Scattering Event Candidates
Observed electroweak gauge boson scattering event candidates are visualized by event displays
generated with the Atlantis software [223]. The corresponding figure on the top shows the
z-y non-bending plane (“side view”). The plots on the bottom visualize the x-y bending
transverse detector plane (left, “transverse view”) and the energy deposits in the calorimeters
in the ϕ-η view (right, “calorimeter view”).
The transverse view only shows detector components within the ATLAS barrel part. As a
result, no calorimeter energy deposits of forward objects are shown in this view. This case
happens in the e+e−µ± event display shown below. In the same event display, the electron
appears to be overlapping with a jet in the side view but a clear separation is visible in the
transverse and the calorimeter view.
Electrons are shown as green lines. They are reconstructed from the inner detector tracks
(cyan) and the calorimeter hits (yellow). Muons, reconstructed by matching the inner detector
tracks to the muon spectrometer hits, are shown as red lines. Jets are represented by yellow
cones. The missing transverse momentum is visualized by a dark blue arrow and its unknown
longitudinal component is represented by a dashed line parallel to the pseudorapidity axis in the
calorimeter view. It is associated to the transverse component of the neutrino. In the following
tables with detailed information to the corresponding event displays, the missing transverse
momentum as reconstructed in the ATLAS data analysis covered in this Section 7.9 is shown
while the event displays show the values obtained with uncorrected MetRefFinal [216] re-
sulting in visible differences between tables and figures. The longitudinal components of the
neutrinos are calculated based on W boson mass constraints and the prescription described in
Section 7.14. The invariant mass of the WZ pair is calculated based on this input.
No isolation requirements are possible in Atlantis event displays but isolation requirements
are applied to the electrons and the muons in the data analysis (see Section 7.7 and 7.6). This
affects events as shown for the µ+µ−µ± event display presented below. One of the four muons
is reconstructed close to a jet and hence not isolated. In the electroweak WZjj selection, this
muons fails the track isolation requirements and is rejected since it is assumed to stem from a
heavy flavor decay and is not associated to the hard interaction.
Basic cuts are applied in order to increase the visibility. The transverse momentum of the
inner detector tracks is required to fulfill pT > 3 GeV. To remove the tracks from additional
interactions the longitudinal z0 position of shown tracks is required to be within 1 mm of the
primary vertex. In the calorimeters just energy deposits above ET = 1 GeV are shown. Jets are
reconstructed from calorimeter deposits as for the nominal analysis selection using an anti-kT
algorithm with a distance parameter of R = 0.4. They are required to fulfill pT > 30 GeV and
|JVF| > 0.75. Electrons below pT = 15 GeV and candidates without a track are not shown.
Combined and segment tagged muon candidates with pT > 15 GeV are required in order to
be shown.
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(Z → e+e−)(W+ → e+νe)jj Event Candidate
run event M(Z) MT(W ) M(WZ) M(j1j2) ∆y(j1, j2)
214176 69735487 90.4 GeV 72.1 GeV 326.6 GeV 1504.2 GeV 5.1
px / GeV py / GeV pz / GeV pT / GeV E / GeV η ϕ / ◦
e+ (Z) 113.3 −135.5 −173.6 176.6 247.7 −0.9 310.2
e− (Z) 72.8 −19.3 −29.1 75.3 80.8 −0.4 345.2
e+ (W+) −59.0 −56.0 24.7 81.3 85.0 0.3 223.6
νe (W+) −7.8 −21.5 −12.0 22.8 25.8 −0.5 109.9
j1 43.6 40.4 −739.9 59.5 742.4 −3.2 42.8
j2 −159.4 147.3 746.4 217.0 777.9 1.9 137.3
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(Z → e+e−)(W+ → µ+νµ)jj Event Candidate
run event M(Z) MT(W ) M(WZ) M(j1j2) ∆y(j1, j2)
203195 6408635 90.1 GeV 70.2 GeV 214.6 GeV 1235.2 GeV 4.4
px / GeV py / GeV pz / GeV pT / GeV E / GeV η ϕ / ◦
e+ (Z) 60.6 −46.1 −64.2 75.7 99.3 −0.8 322.5
e− (Z) 63.6 22.2 −156.2 67.4 170.1 −1.6 19.2
µ+ (W+) 43.0 −11.7 6.3 44.6 45.1 0.1 344.8
νµ (W+) −23.9 14.9 −29.5 28.2 40.8 −0.9 148.2
j1 −82.3 −102.0 1565.3 131.1 1570.8 3.2 231.1
j2 −58.6 122.2 −221.5 135.5 260.0 −1.3 115.6
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(Z → µ+µ−)(W+ → µ+νµ)jj Event Candidate
run event M(Z) MT(W ) M(WZ) M(j1j2) ∆y(j1, j2)
209084 85981311 90.2 GeV 38.6 GeV 206.4 GeV 1121.9 GeV 3.5
px / GeV py / GeV pz / GeV pT / GeV E / GeV η ϕ / ◦
µ+ (Z) 25.3 64.9 321.3 69.7 328.8 2.2 68.7
µ− (Z) 31.8 −1.7 29.7 31.8 43.5 0.8 357.0
µ+ (W+) −56.8 32.5 344.9 65.4 351.0 2.4 150.2
νµ (W+) −1.2 24.6 21.2 24.6 32.5 0.8 92.8
j1 15.5 −230.9 827.8 231.4 859.7 2.0 273.8
j2 −24.3 146.4 −336.6 148.4 368.0 −1.6 99.4
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After applying all selection cuts introduced and optimized in Chapter 7, the WZ signal as
well as additional processes, referred to as background, are selected from the full set of the
experimental or the simulated data events. Background processes mimic the signal and cannot
be fully suppressed, although the selection criteria are defined in order to match the expected
signature of the WZ signal events and to reject the background events based on their inherent
differences to the signal. An assignment of one selected experimental data event to either
signal or background category is not possible. However, based on an ensemble of selected
events, statistical statements are derived. These methods also rely on simulated data, where
the assignment to either signal or background category is possible.
The expectations from the Standard Model background processes are either estimated from
simulations or based on the experimental data recorded by the ATLAS detector. Possible
outcome of such estimations are central values and uncertainties of the expected number of
background events for a given integrated luminosity of the recorded data. These values are
input to the statistical methods applied to measure the total or the differential signal cross
sections (Chapter 10 and 11) and are used for deriving constraints on anomalous quartic gauge
couplings (Chapter 12).
In this chapter, different categories of the dominating background contributions to WZ stud-
ies are introduced. Methods and results for background estimation based on the experimental
data are developed. Control regions are defined in order to study the modeling of the back-
ground processes extracted from simulations compared to the observed ATLAS data. Detailed
additional studies and material can be found in [218]. The expected background yields after
the inclusive WZ and the electroweak WZjj selection as the main selection criteria of this
work are summarized in Table 7.1 and 7.3.
8.1 Background Processes to WZ Selection
Uncorrelated background processes are usually not simulated combined but are split up further
into different production channels to handle cross sections and selection efficiencies that are
different by several orders of magnitude. The Standard Model background contributions to the
WZ production are categorized into processes with less than three and at least three leptons
from the hard interaction.
In the first category, additional leptons have to be present in order to pass the signal selection
criteria. The main source are electrons from photon conversions, jets misidentified as leptons
or leptons from hadron or heavy quark decays. Since at least one lepton is not produced in the
hard interaction, this background is referred to as the fake lepton background. Non-negligible
contributions in this category include the following processes:
– tt→WbWb→ `νb`νb: Production of a top pair and subsequent decays with the highest
probability into two b quarks, two leptons and two neutrinos. This process is referred to
as tt¯ in this work. See Appendix A for a discussion on the notation.
83
8 Background Processes
– WW → `ν`ν: A pair of W bosons with subsequent leptonic decays.
– Z → ``: Single gauge boson production with leptonic decay.
– Zγ → ``γ and Wγ → `νγ: Single gauge boson production in association with a photon.
Additional jets can be present for each of theses process types. They are not shown for
simplicity. As covered in detail in Section 8.2, these processes are extracted combined from
the experimental ATLAS data.
The second category includes processes with at least three leptons from the hard interaction:
– ZZ → ```` production: Z boson pair production with dileptonic decay. Large contribu-
tions from virtual photons are observed. Virtual photons comprise an increasing cross
section for low invariant masses of their decay products. Since one lepton from the ZZ
decay is escaping the detection, the low invariant mass region of one virtual photon will
not be restricted by the invariant mass requirement around the mass of the Z boson.
– V V V : Triple electroweak gauge boson production with at least three leptons and addi-
tional neutrinos or quarks as their decay products.
– ttZ → `νb`νb`` and ttW → `νb`νb`ν: Top pair production in association with an
electrowek gauge boson. The leading contributions stems from the production with an
additional Z boson due to the invariant mass requirement on the decay product from
the selected Z candidate.
– tZj → `νb``j: Single top production in association with a Z boson. This process is just
allowed with at least one additional quark or gluon (j) from the hard interaction. In
combination with the b jet, this process contributes significantly after the WZjj selection.
No method is found for estimating the contributions of these processes from the experimental
data. As a result, they are fully derived from simulated events. Control selections orthogonal
to the signal selection are defined in order to study the modeling from simulation compared
to the ATLAS data and for deriving scale factors correcting for mismodeling effects. This is
covered in Section 8.3 for dileptonically decaying ZZ final states.
No sufficient control region dominated by top pair production in association with weak
bosons is found. This background contributes by about 7% to the total expected background
after the inclusive WZ selection and by about 4% after the electroweak WZjj selection. Large
theory systematic uncertainties of 30% are taken into account for this process and are assumed
to cover the potential mismodeling effects. The same statement holds for the production of a
single top quark in association with a Z boson and an additional jet with subsequent leptonic
boson decays, tZj. This irreducible background has the same leptonic final state as the
electroweak WZjj signal process and two additional jets. One of the two jets originates from
a b quark from the top decay and b tagging might be applied for separating this process from
the signal. Due to limited numbers of expected events after the electroweak WZjj selection,
no b tagging of events with this signature is introduced into the signal event selection. For the
signal selection introduced in Chapter 7, this process is the second-to-largest background after
the strong WZjj production in the electroweak WZjj phase space. Systematic uncertainties
of 12% are assigned (see Chapter 9) and are assumed to cover potential mismodeling of this
process by the simulation.
The contribution from triple electroweak gauge boson production is well below 1% after
all event selection cuts. This background is extracted from simulations. A theory systematic
uncertainty of 10% is assigned to the normalization by the cross section.
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8.2 Fake Lepton Background
Jets misidentified as leptons and leptons originating from hadron, bottom or charm quark
decays are classified as the fake lepton background. These leptons are usually not isolated
due to the additional hadronic activity around them and are suppressed by the track and the
calorimeter isolation requirements applied during the nominal signal selection. Furthermore,
electrons produced by photon conversions are added to the definition of the fake leptons since
they are not originating directly from the hard interaction. Although suppressed by the lepton
quality requirements presented in Chapter 7, some fake leptons are passing the full signal
selection.
In principle, all processes resulting in fake leptons to be selected are modeled by the simu-
lation. But the description of these processes may not be accurate and explicit discrepancies
between the simulated and the experimental events are observed in analyses of the WZ final
state [219, 224] as well as studies of different final states [22, 225, 226]. As a consequence, a
method to estimate this background from the ATLAS data is developed and deployed here.
Due to the invariant mass requirement on the leptons from the Z boson candidate decay
after the inclusive WZ selection, the dominant contribution to the fake lepton background is
expected from processes with a decaying Z boson in the final state: Z and Zγ production
in association with jets. Additional contributions are observed from leptonically decaying
W boson pairs dominated by the bosons from top pair decays. Although the actual process
contributing to the fake lepton background is not relevant once it is derived, this still shows
the general difficulty: Fake leptons are produced by different processes as well as different
accompanying gauge bosons.
8.2.1 Fake Lepton Source
Before developing methods for fake lepton background extraction from the experimental data,
a study based on simulated events is performed. By applying matching algorithms, the re-
constructed lepton after the ATLAS detector simulation is associated to an object produced
by the simulation (“truth matching”). The outcome is not expected to fully cover all effects
present in the experimental data since detector simulation might not be perfectly consistent
with all effects in the real detector and the actual event simulation is known to differ from
the physics process occurring in nature due to a truncation of the perturbation expansion and
similar assumptions (see Section 5). This is again the reason for relying on techniques based
on the observed ATLAS data. Furthermore, the matching algorithm has a certain mismatch-
ing probability. Finally, the statistical uncertainties due to the limited number of simulated
events are large as a result of the tight selection criteria and a low number of available sim-
ulated events. Increasing the number of generated events would be possible but is refused
driven by the rough nature of this study and the limited computing resources.
An assignment of all selected reconstructed leptons to the W or the Z bosons from the
hard interaction is performed based on the MCTruthClassifier matching algorithms [227].
Table 8.1 lists the fractions of the corresponding reconstructed leptons matched to a lepton
from a W or a Z boson decay. The uncertainty just covers the statistical uncertainty arising
from the limited number of simulated events.
For simulated Z boson events in association with jets, the reconstructed leptons assigned to
the reconstructed Z boson candidates are matched to leptons from the decay of gauge bosons
from the hard interaction with a high probability. While the matching rate is compatible with
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Table 8.1: Relative number in percent of the reconstructed leptons matched to a lep-
tonically decaying gauge boson from the hard interaction. All available simulated events
after the inclusive WZ selection are processed. Six types of reconstructed leptons are
represented by the columns: `Z1 are the electrons or muons with the largest transverse
momentum assigned to the reconstructed Z boson candidate. `Z2 represents the remaining
lepton assigned to this Z boson candidate and `W is the reconstructed lepton assigned to
the reconstructed W boson candidate after the WZ event selection. The uncertainty just
covers the statistical uncertainty due to the limited number of simulated events after the
selection.
process eZ1 µZ1 eZ2 µZ2 eW µW
Z 98± 34 98± 23 88± 32 70± 17 24± 14 29± 10
tt¯ 84± 20 84± 18 33± 10 19± 6 93± 21 87± 19
Zγ 96± 3 100± 25 81± 9 100± 25 28± 23 0
tt¯V 99± 7 100± 6 99± 7 100± 6 99± 7 99± 6
100% for the electrons and muons with the largest transverse momentum, `Z1 , the lepton with
the lower transverse momentum, `Z2 , has a mismatching rate of (12±32)% for the electrons and
(30± 17)% for the muons. The lower rate of the muons compared to the electrons is supposed
to be a result of real muons produced within jets in combination with the quality criteria
applied during the leptons selection but was not studied in more detail. In general, the results
of this study exhibit the expected behavior for single Z events after the WZ selection: The
Z boson is selected with high probability using its decay products, while the selected leptons
associated to the W candidate are the fake leptons for the dominating number of events.
Top pairs, tt¯, decaying into leptonically decaying W bosons show a different behavior. While
`Z1 and `W are matched to a lepton from a hard interaction boson for a large fraction of events,
the matching fails in (67± 10)% for eZ2 and in (81± 6)% for µZ2 leptons. Combined with the
matching results from the Z production, the main outcome of this study is: A fake lepton
background estimation from the ATLAS data has to consider all three reconstructed leptons
as possible fake lepton candidates. This has either not been consistently considered in the
previous WZ analyses by the ATLAS collaboration or the fake lepton background has not
been fully derived from the experimental data [188,219].
For the sake of completeness, Zγ and tt¯V events are shown. The reconstructed electrons
from Zγ production show the same trend as observed in the case of single Z boson events.
The difference is the mechanism resulting in fake leptons associated to the W boson candi-
date. While fake leptons originate from jets in single Z boson processes, the fake electrons in
Zγ events are results of converted photons. Conversion and the about 200 times larger mass
of the muons compared to the electrons is the reason for negligible fake muons associated the
W candidate being observed. Since the conversion probability ratio for a muon pair compared
to an electron pair scales like P (γ → µµ)/P (γ → ee) ∝ O(me/mµ)2 [228], conversions into
muon pairs are highly suppressed. Top pair events with an additional electroweak gauge bo-
son do not significantly contribute to the fake lepton background due to the presence of three
prompt leptons. Small remaining contributions are taken into account based on the nominal
set of simulated events.
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8.2.2 Matrix Method
Prompt and fake leptons exhibit differences in the object characteristics. A prompt lepton is
more likely to be isolated and to be reconstructed with tight quality criteria. The nominal
lepton selection is taking this into account by requiring isolated leptons with a high quality -
differing for the leptons associated to a Z or a W boson candidate (see Chapter 7 for details of
the isolation and the lepton quality). Leptons reconstructed according to these definitions are
referred to as “tight” (T ) in the context of the matrix method. Fake leptons usually exhibit
a lower reconstruction quality, are less isolated or have looser impact parameter values. To
define fake-like objects, named “loose” (L) in this context, the baseline lepton selection and
treatment of overlapping objects are applied but the quality may be worse or the isolation
criteria may be failed. In detail, the loose leptons are tight leptons with at least one kind
of isolation or one reconstruction quality criterion not being fulfilled. To rely on well defined
objects, a loose lepton is required to pass a minimum reconstruction quality of loose [198]
(loose++ [202]) for the muons (electrons).
In addition to the detector-level classification according to tight or loose specifications, a
generator-level classification is introduced: “Real” (R) leptons are prompt leptons originating
from a W or a Z boson decay and “fake” (F ) leptons are produced in jets, photon conversions
or are results of a misidentification.
The following matrix equation is constructed linking the generator-level to the detector-level
leptons: 
NTTT
NTTL
NTLT
NLTT
 =

e1e2e3 e1e2f3 e1f2e3 f1e2e3
e1e2e¯3 e1e2f¯3 e1f2e¯3 f1e2e¯3
e1e¯2e3 e1e¯2f3 e1f¯2e3 f1e¯2e3
e¯1e2e3 e¯1e2f3 e¯1f2e3 f¯1e2e3
×

NRRR
NRRF
NRFR
NFRR
 . (8.1)
The lepton types i ∈ {1, 2, 3} are defined in the following way: Type 1 is the lepton assigned
to the reconstructed W candidate, type 2 is the lepton with the highest transverse momentum
assigned to the reconstructed Z boson candidate and type 3 is the remaining lepton assigned
to the Z boson candidate. These numbers also describe the leptons in the indices of N in
exactly this order.
Denoted by ei / e¯i are the efficiencies for a real lepton of type i to be selected with the
tight / loose reconstruction criteria. Similarly, the fake efficiencies fi / f¯i denote the efficiencies
for a fake lepton of type i to be reconstructed based on the tight / loose criteria.
By multiplying the matrix equation from the left with the row vector(
1 −f3/f¯3 −f2/f¯2 −f1/f¯1
)
(8.2)
and collecting all terms with fake efficiencies, one obtains the following result:
NTTT − e1e2e3NRRR = (NLTT − e¯1e2e3NRRR) f1
f¯1
+ (NTLT − e1e¯2e3NRRR) f2
f¯2
+ (NTTL − e1e2e¯3NRRR) f3
f¯3
+O(f2i ). (8.3)
Multiple fake leptons in one event are ignored from the beginning in Equation 8.1 by just
considering the 4× 4 submatrix of the full 8× 8 matrix excluding additional terms like NLLT
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or NLLL. The contribution from multiple fake leptons entering the selection is studied [218]
and is found to be below 3%. An additional systematic uncertainty of 3% is assigned in this
work to cover these effects.
In the final equation, just fake rates Fi defined as ratios of the fake efficiencies appear:
Fi ≡ fi
f¯i
= N
T
i /N
F
i
NLi /N
F
i
= N
T
i
NLi
. (8.4)
It describes the number of tight leptons, NTi , divided by the number of loose leptons, NLi ,
reconstructed based on the selection of the lepton type i and is dependent on the flavor of the
lepton i.
The left-hand side of Equation 8.3 represents the number of selected WZ candidates, NTTT ,
subtracted by the contribution from events with just prompt leptons. This is equivalent to the
number of events with fake leptons entering the nominal selection, NF :
NF = (NLTT −N irrLTT )F1 + (NTLT −N irrTLT )F2 + (NTTL −N irrTTL)F3 +O(F 2i ). (8.5)
The numbers NLTT , NTLT and NTTL are extracted from three distinct fake regions constructed
with the experimental data by applying the corresponding loose or tight reconstruction require-
ments for the three lepton types. These regions are named LTT, TLT and TTL in the following.
The irreducible contributions from prompt leptons, N irrLTT , N irrTLT and N irrTTL, are found to be
small. Their contributions are estimated independently from simulated events.
In more detail, for a binned distribution in the bin b and with a loop over all ATLAS data
events j with a weight wb,jexp ∈ {0, 1} and by subtracting irreducible events k from simulation
with a weight wb,ksim, this equation can be generalized to:
N bF =
∑
j∈{exp}
wb,jexpF
j −
∑
k∈{sim}
wb,ksimF
k +O(F 2i ). (8.6)
The multiplied fake rates depend on the observed (simulated) event j (k). Depending on the
fake region LTT, TLT or TTL assigned to the event j / k, the corresponding fake rate F1(`),
F2(`) or F3(`) is picked as F j / F k. Denoted by ` is the dependence of the fake rates on the
flavor, the transverse momentum and the pseudorapidity of the loose (L) lepton `.
Uncertainties of the fake lepton background in the bin b are obtained by error propagation.
Statistical uncertainties are defined as the uncertainties due to a limited amount of experimen-
tal or simulated events. Since all events are uncorrelated, the combined statistical uncertainty
in a bin b is written as:
(∆stat.N bF )2 =
∑
j∈{exp}
(F j)2wb,jexp +
∑
k∈{sim}
(F k)2wb,ksim (8.7)
Origin of systematic uncertainties are the uncertainties of the fake rates. Small contribu-
tions from experimental and theory uncertainties of the simulated irreducible background are
considered as well. All systematic uncertainties are uncorrelated to all sources of statistical
uncertainties. On the other hand, with the methods presented below, the uncertainties of
the fake rates are correlated to each other due to overlapping selection regions. This can be
avoided by estimating the three fake rates based on different methods [218, 229]. Since no
method to propagate the full correlations is found, a conservative approach is chosen and the
systematic uncertainties are treated as fully correlated:
∆syst.N bF =
∑
j∈{exp}
wb,jexp∆F j +
∑
k∈{sim}
wb,ksim∆F k. (8.8)
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8.2.3 Fake Rate Estimation
As introduced in Equation 8.4, the fake rates are defined as fractions of the number of tight
leptons divided by the number of loose leptons. While in theory a selection of the events
with exactly one tight lepton and the events with exactly one loose lepton would be a straight
forward method to estimate a fake rate, this is not possible with the data recorded by the
ATLAS detector. The main limitation arises from the trigger introducing a bias towards
the tight leptons. In addition, event rates for processes with exactly one lepton with a low
transverse momentum are high and not each event can be kept due to the readout limitations.
This requires the use of prescaled triggers introducing larger statistical uncertainties.
Realistic methods for measuring the fake rates require a control region with an additional
tagging object. This object also balances the transverse momentum of the tight or loose lepton
due to no initial transverse momentum on average. This work relies on a Z boson candidate
defined by the leptons from its leptonic decay with opposite electric charge sign and with same
flavor. The selected events are scanned for an additional tight or loose lepton. The resulting
selection regions arises referred to as the fake rate regions.
The Z boson candidate is selected by requiring lepton selection criteria identical to what
is applied for the WZ event selection (see Section 7). Events with a lepton pair invariant
mass outside a window of 10 GeV around the mass of the Z boson are neglected to avoid
misselection. Tight leptons in addition to the Z boson mimic the WZ signal selection and the
fake rate regions would be dominated by WZ production. This contamination is minimized
by a missing transverse momentum requirement of /pT < 50 GeV. Additional contamination is
reduced by inverting the d0 significance object cuts for the loose and the tight lepton candidates.
The resulting fake rate regions, defined by the selected Z candidate and an additional lepton,
are shown for an additional loose (tight) muon on the left-hand (right-hand) side of Figure 8.1
as a function of the transverse momentum of the muon.
In this figure, the muons are defined according to the W candidate requirements of the
nominal signal selection (see Appendix F.1). These regions are input to the calculation of
Fµ1 according to Equation 8.4. Presented contributions from irreducible backgrounds are sub-
tracted from the experimental results in both figures. The event yield per bin in the right
figure is divided by the equivalent value from the plot on the left-hand side to obtain the
fake rate in this bin. Corresponding results are obtained by relying on the lepton definitions
according to the Z candidates or with additional electrons. These results are summarized in
Appendix G.1.
The applied cuts on the missing transverse momentum and the impact parameter significance
can introduce a bias on the fake rate. This is checked by loosening or fully dropping these
additional cuts until the contamination from the irreducible backgrounds is found to be about
50% in the tight fake rate regions. This contamination is subtracted based on simulated events.
Changes of up to 20% on the final fake rate depending on the lepton flavor and the transverse
momentum are observed. To take into account this bias the cut on the missing transverse
momentum is varied by ±10 GeV and the cut on the impact parameter significance is changed
by ±0.5. Resulting differences of the fake rates are treated as systematic uncertainties.
The fake rates estimated with the ATLAS data by applying these methods are shown in
Figure 8.2. Black crosses indicate statistical uncertainties while yellow bands include the sta-
tistical as well as the systematic uncertainties added in quadrature. As shown in these figures,
the fake rates calculated with the requirements of leptons assigned to the Z boson candi-
dates are produced as a function of the transverse momentum while fake rates of the leptons
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Figure 8.1: Fake rate regions deﬁned by the selection of a Z boson candidate and an
additional muon. In the left plot, the additional muon is required to fulﬁll the loose (L)
lepton reconstruction criteria while the right plot is based on the tight (T) lepton criteria.
Muon requirements shown here correspond to W boson candidate selection criteria result-
ing in the estimates of Fμ1 . Irreducible contributions are estimated from simulated events
and are subtracted from the events observed in ATLAS data.
assigned to the W boson candidates are parameterized as a function of the pseudorapidity.
This is a consequence of a large dependence of the fake rate as a function of the mentioned
kinematic distributions. The respectively other distributions are found to be ﬂatter within the
uncertainties. They are summarized in Appendix G.2. A two dimensional parameterization
as a function of the pseudorapidity and the transverse momentum resulted in highly increased
statistical uncertainties as a result of a low event count in the corresponding fake rate regions.
Fake rates might be dependent on the mechanism producing the fake leptons. This depen-
dence is studied in detail in [218]. An adaption of the presented methods to the results after
the inclusive WZ selection resulted in changes of the total nominal event yield of 19% but the
ﬁnal uncertainties are increased by a factor of about ﬁve. No estimation of the fake lepton
background after the electroweak WZjj selection was successful when taking into account the
production mechanism. Diﬀerent control regions based on looser cuts are possible and have
been tested without large eﬀects on the ﬁnal estimation. No additional uncertainty to include
the diﬀerences to the method presented in this work is assigned due to the large uncertain-
ties in these varied control regions. Further studies are required in order to ﬁnd an adequate
method or to estimate a systematic uncertainty on the eﬀects of the fake lepton production
mechanism.
8.2.4 Fake Background Estimation
The fake lepton background contribution after the signal selection is estimated based on the
ATLAS data and the three fake regions labeled LTT, TLT and TTL with corresponding se-
lected eventsNLTT , NTLT andNTTL (see Equation 8.5). Irreducible prompt lepton background
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Figure 8.2: Fake rates derived from ATLAS data. In the upper row, the fake rates accord-
ing to the Z boson candidate deﬁnitions are shown as a function of the pseudrorapidity of
the electrons (left) and the muons (right). The bottom row shows the fake rates based on
the W boson requirements for electrons (left) and muons (right) as a function of the abso-
lute pseudorapidity value of the leptons. Black cross indicate the statistical uncertainties
due to a limited number of observed events. The yellow bands represent the combination
of the statistical and the systematic uncertainties obtained as described in the main text.
is subtracted in each region based on simulations. Identical selection criteria as for the signal
selection are applied, but loose criteria on the lepton associated to the W boson candidate
(LTT) or the lepton with the leading / subleading transverse momentum assigned to the Z
boson candidate (TLT / TTL) are applied instead of the tight criteria.
The invariant mass of the WZ pair is shown in Figure 8.3 after the LTT selection based on
the inclusiveWZ (top row) or the electroweakWZjj (bottom row) selection for loose electrons
(left) and loose muons (right). In addition to the selected data events, the contributions
from irreducible background based on simulated events are shown. Although the statistical
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Figure 8.3: Invariant mass of the WZ pair after the LTT selection. In the top row, the
results are shown after the inclusive WZ selection for the loose electrons (left) and the
loose muons (right) based on W boson candidate requirements. The results in the bottom
row are obtained after the electroweak WZjj selection. No fake lepton contributions from
simulation are shown. Residual contaminations from irreducible prompt lepton production
are shown based on simulations. These contributions are subtracted when deriving the ﬁnal
fake lepton background yields.
uncertainties are large after the electroweak WZjj selection, including a cut on the invariant
mass of the tagging jets of M(j1j2) > 500 GeV, it is still possible to subtract the irreducible
contributions based on simulations and receive well-deﬁned results. Since the total observed
event yield of the fake lepton background after the electroweak WZjj selection is below 10%
of the total background yield (see Table 7.3), a large uncertainty of the estimation based on
the ATLAS data is no dominating uncertainty. Additional results after the remaining fake
selections TLT and TTL are summarized in Appendix G.3.
The presented method of the fake lepton background estimation is limited by the subtrac-
tion of irreducible contribution from prompt WZ production estimated from simulation. Its
normalization is dependent on a calculated cross section based on theory assumptions. This
contradicts to a measurement of the WZ cross section based on the estimated fake lepton
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background. The relative contributions of irreducible WZ background to the fake lepton back-
ground are summarized in Table 8.2 for the three fake regions and the two main phase space
selections. Additional irreducible background components (“other”) are shown for comparison.
Non-negligible fractions of the irreducible WZ background are present after all three selections.
Table 8.2: Relative irreducible background contributions of prompt WZ production and
other prompt lepton production in percent after the fake selections LTT, TLT and TTL.
The quoted uncertainties are due to the limited number of simulated events.
process phase space LTT TLT TTL
WZ inclusive WZ 4.2± 0.1 17.2± 1.4 9.0± 0.4
WZ electroweak WZjj 5.4± 1.7 48.2± 51.6 14.2± 9.0
other inclusive WZ 1.1± 0.1 3.0± 0.4 1.6± 0.1
other electroweak WZjj 1.5± 0.5 6.7± 6.8 1.9± 1.3
As shown in the Tables 8.3 and 8.4, the TLT region with the largest irreducible background
contribution accounts for well below 10% to the total fake lepton background yield. In princi-
ple, the cross section of the irreducible WZ contribution can be used as a free parameter and
taken into account during the cross section measurement. Driven by its small contribution,
the theory uncertainties for inclusive WZ and electroweak WZjj production derived in Sec-
tion 9.2 are assumed to cover the differences between the simulation and the observation and
are added to the collection of the systematic uncertainties of the irreducible backgrounds to
the fake lepton background estimation.
Central values of the fake lepton background estimated from the ATLAS data are obtained by
combining the fake rates and the fake selections according to Equation 8.5. The uncertainties
are propagated and combined based on the systematic uncertainties of the fake rates, the
statistical uncertainties of the selected experimental data as well as the statistical and the
systematic uncertainties from the irreducible background. Since the correlations of the fake
rates are not estimated, a conservative approach is chosen and the fake rates are assumed to
be 100% correlated. Details are presented at the end of Section 8.2.2.
The estimated fake lepton background based on the matrix method after the inclusive WZ
selection is shown in Table 8.3. Uncertainties are around 20% and are dominated by the
uncertainties of the fake rates. The fake background estimated from the ATLAS data is
compatible with the expectations from the Sherpa simulation.
Results obtained after the electroweak WZjj selection are shown in Table 8.4. Negative num-
bers after a selection are a result of larger irreducible background yield compared to observed
ATLAS data. This is supposed to be a result of statistical fluctuations and is fully propagated
to the final result without any normalizations to positive numbers. When combining all four
final state channels, the total fake lepton background derived with the matrix method from the
ATLAS data is 2.7± 0.6 (stat.) +0.4−0.3 (syst.) compared to 2.1± 0.9 (stat.)± 0.5 (syst.) expected
events from Sherpa simulations. Both results agree within the uncertainties. The total rel-
ative uncertainty is about 25% for the results derived from the ATLAS data and about 50%
when estimated from simulation. Although these uncertainties are large, they play a minor
role when deriving final results in terms of cross sections and constraints on anomalous quartic
gauge couplings since the fake lepton background contributes only by about 10% to the total
expected background.
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Table 8.3: Fake lepton background estimated from the ATLAS data based on the matrix
method (MM) compared to the predictions from Sherpa simulation (sim) for four different
final state channels after the inclusive WZ selection. The results based on the matrix
method are split up into the three selection regions LTT, TLT and TTL. Contributions
from multiple fake leptons are ignored but an additional uncertainty of 3% is assigned.
The first quoted uncertainties are statistical uncertainties and the second number shows
the systematic uncertainties.
e±e+e− µ±e+e− e±µ+µ− µ±µ+µ−
LTT 42.6± 1.3 +11.2− 9.0 21.9± 1.4 + 3.0− 2.4 60.4± 1.5 +15.7−12.8 30.3± 1.7 + 4.8− 3.8
TLT 3.3± 0.9 + 1.4− 1.2 1.5± 0.7± 1.0 2.6± 0.8± 0.4 3.5± 0.7 + 0.8− 0.7
TTL 4.0± 0.7 + 1.6− 1.2 2.1± 1.0 + 0.8− 0.7 14.1± 1.4 + 1.2− 0.9 11.6± 1.6 + 2.0− 1.3
MM 49.9± 1.7 +11.4− 9.2 25.5± 1.8 + 3.3− 2.7 77.0± 2.2 +15.8−12.8 45.4± 2.4 + 5.3− 4.1
sim 44.0± 5.5 + 6.1− 5.9 20.0± 3.1 + 3.0− 2.5 73.7± 6.6 + 8.3− 9.1 41.6± 5.3 + 5.4− 6.4
ratio 1.1± 0.2± 0.3 1.3± 0.2 + 0.3− 0.2 1.0± 0.1± 0.2 1.1± 0.2± 0.2
Table 8.4: Fake background estimated from the ATLAS data using the full matrix
method (MM) compared to the predictions from Sherpa simulation (sim) for the four
different final state channels after the electroweak WZjj selection including a cut of
M (j1 j2 ) > 500 GeV . The results obtained with the matrix method are split up into the
three selection regions LTT, TLT and TTL. Contributions from multiple fake leptons are
ignored but an additional uncertainty of 3% is assigned. The first quoted uncertainties
are statistical uncertainties and the second number shows the systematic uncertainties.
e±e+e− µ±e+e− e±µ+µ− µ±µ+µ−
LTT 0.44± 0.13 +0.13−0.11 0.52± 0.23 +0.12−0.09 0.46± 0.14 +0.12−0.10 0.65± 0.24 +0.14−0.11
TLT 0.03± 0.10± 0.04 0.10± 0.14 +0.04−0.03 −0.01± 0.01± 0.01 0.08± 0.09± 0.06
TTL 0.04± 0.09 +0.04−0.03 0.11± 0.18 +0.03−0.02 −0.11± 0.04 +0.02−0.01 0.20± 0.21 +0.04−0.03
MM 0.51± 0.19 +0.14−0.12 0.73± 0.32 +0.13−0.10 0.33± 0.14 +0.12−0.10 0.93± 0.33 +0.16−0.13
sim 0.59± 0.49± 0.06 0.44± 0.24± 0.08 0.36± 0.35 +0.19−0.42 0.71± 0.62 +0.40−0.23
ratio 0.86± 0.79 +0.25−0.22 1.66± 1.16 +0.42−0.38 0.92± 0.97 +0.59−1.10 1.31± 1.23 +0.77−0.46
Figure 8.4 shows the fake lepton background estimated from the ATLAS data based on the
matrix method compared to the expectations from Sherpa simulation. The results are pre-
sented as a function of the invariant mass of the WZ pair (left) and the transverse momentum
of the Z boson candidate (right) after the inclusive WZ selection. The modeling by the simu-
lation is found to be dependent on the value of the kinemtic distribution – another reason for
not scaling the simulated fake lepton background by a constant factor derived from ATLAS
data but relying on the fully data-driven (besides small irreducible background subtractions)
matrix method. The kinematic distributions split up into final state channels are shown in
Appendix G.3.
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Figure 8.4: Comparison of the fake lepton background after the inclusive WZ selection
estimated from the ATLAS data and from the Sherpa simulation. The left plot shows the
invariant mass of the WZ pair with the longitudinal component of the missing transverse
momentum calculated based on the W mass constraints as covered in Section 7.14. On
the right-hand side, the transverse momentum of the Z boson candidate is shown.
8.3 ZZ Background
The expected and the observed event yield after the inclusive WZ and the electroweak WZjj
selection are shown in Table 7.1 and 7.3. After the inclusive WZ selection, the largest back-
ground contribution estimated from simulation originates from the production of four leptons.
This process is also one out of four large backgrounds after the electroweak WZjj selection.
Its dominant contribution is the ZZ →  process. As a consequence, this background is
usually referred to as the ZZ background, although non-resonant contributions are included
in the simulation. As throughout this work, virtual photons are included in this deﬁnition (see
Appendix A).
To mimic the WZ signal, one lepton has to fail the reconstruction requirements or escape
the kinematic or the geometrical acceptance of the detector. A veto of events with additional
leptons (besides the threeWZ decay candidates) with the transverse momentum cut decreased
to pT > 7 GeV is introduced in the nominal event selection (see Section 7.11) to suppress
the kinematic eﬀect. A veto of events with additional forward electrons beyond the ATLAS
tracking coverage identiﬁed by the electromagnetic end-cap or the electromagnetic forward
calorimeters is tested and is found to result in small improvements. This veto also induces
larger systematic uncertainties compared to the nominal signal selection. No forward electron
veto is introduced into the selections presented in this work, but additional studies might lead
to reduced ZZ background contaminations.
The simulation of the ZZ background is performed with Sherpa 1.4.1. The events contain
up to three jets from the hard interaction. Overlap between the diﬀerent parton multiplicities
and the jets reconstructed from parton shower products is resolved by applying a MEPS
matching with a minimum separation of Qcut = 20 GeV (see Chapter 5). Additional details
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are summarized in Table D.2 in the appendix. Since events with virtual photons decaying
into a pair of leptons with low invariant mass are crucial to properly describe missing low
energetic leptons, this region is considered during the generation. Dedicated events according
to the following prescription are produced: A cut on the invariant mass of all electron pairs
with an opposite electric charge and M(e+e−) > 0.1 GeV is applied at the generator-level
in order to regularize the rise of the cross section for low invariant masses as a result of the
decay of virtual photons. No cut on the invariant mass of the muon pairs is applied since the
leptons are treated massive and the rise of the cross section is bounded by a minimal invariant
mass of two times the mass of the muon1. Based on these settings a better description of the
ZZ background is observed compared to the existing events requiring M(+−) > 4 GeV and
massless leptons2.
The modeling of the four lepton production in simulation compared to the ATLAS data
is studied in dedicated ZZ control regions. Events with at least four leptons according to
the nominal signal selection (see Appendix F.1) are selected out of the sets of simulated and
observed events. At least two leptons, named 1 and 2, are required to have the same ﬂavor
and an opposite electric charge. They are forming the ﬁrst Z boson candidate Z1 and have to
pass |M(Z1)−mZ | < 10 GeV withM(Z1) =M(12). If more than one such pair is present in
the event, the pair with an invariant mass closest to the mass mZ of the Z boson is selected.
A second pair of leptons has to be present in the event. It is assigned to the second Z boson
candidate Z2 and is named 3 and 4 with 3 exhibiting the larger transverse momentum. The
transverse momentum requirement of 4 is lowered to pT > 7 GeV in order to correspond to
the reduced transverse momentum cut for the leptons considered for a lepton number veto
to suppress the ZZ background (see Section 7.11). No additional modiﬁcations are applied
compared to the signal selection.
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Figure 8.5: ZZ control region distributions with the statistical, the theory and the lu-
minosity uncertainties. The left (middle) ﬁgure shows the invariant mass of the leptons
associated to the ﬁrst (second) Z boson candidate. On the right-hand side the combined
invariant mass of the four leptons is shown. Besides the invariant mass cut for the plot
on the left-hand side and the lepton number veto for all plots, all cuts as for the inclusive
WZ selection are applied.
1Regarding the γ → μ+1 μ−2 process, the invariant mass M is calculated as M2 = (E1 + E2)2 − (p1 + p2)2.
This can be written as M2 = 2m2μ + 2m2μ
(√
|p1|2/m2μ + 1
√
|p2|2/m2μ + 1 − |p1|/mμ|p2|/mμ cos θ
)
. This
relation requires M > 2mμ fulﬁlled in the case of muons at rest, |p1| = |p2| = 0.
2Dataset ID 161962.
96
8.3 ZZ Background
Three kinematic distributions after the ZZ control region selection are presented in Fig-
ure 8.5. Shown are the statistical uncertainties as well as the theory and the luminosity
systematic uncertainties. Additional systematic uncertainties are neglected due to limited
computing resources and the dominating theory uncertainties. Shown in the left ﬁgure is the
invariant mass of the leptons associated to the Z1 candidate after the selection of the four
leptons. The cut on the invariant mass of the lepton pair forming Z1 is not yet applied. The
region is dominated by the ZZ production processes and the peak around the mass of the
Z boson is clearly visible and well modeled in the simulation compared to the ATLAS data
within the statistical and the systematic uncertainties. The ﬁgure in the middle shows the
invariant mass of the leptons associated to the Z2 candidate after the full ZZ control region
selection. A peak around the mass of the Z boson agrees within uncertainties between the
simulated and the observed events. On the right-hand side, the invariant mass of the combined
Z1Z2 pair is presented. The distribution is well modeled in the simulation. A kinematic edge
at twice the mass of the Z boson is washed out to lower values due to the contributions from
virtual photons.
The distributions after an additional requirement of at least two reconstructed jets are shown
in Figure 8.6. Although larger fractions of additional backgrounds are observed, this region is
still dominated by the ZZ production. An eﬀect of the selection routine is visible for the tt¯V
ﬁnal states dominated by tt¯Z production. The decay products of the Z boson are selected as
the ﬁrst two leptons assigned to the Z1 candidate as a result of the invariant mass requirement.
This is visible as the green peak on the left-hand side. This peak is not visible for the Z2 boson
candidate, shown in the middle plot, since this candidate is formed by the leptons from the
top pair decays. The invariant mass of the Z1Z2 system is shown on the right-hand side.
A total excess of the ATLAS data events compared to the simulation of about one sigma is
observed. This excess is not signiﬁcant and all simulated distributions are compatible with the
observation.
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Figure 8.6: Kinematic distribution of the Z boson candidates after the ZZ control region
selection and the requirement of at least two jets. The uncertainties include the statistical,
the theory and the luminosity uncertainties. The left (middle) ﬁgure shows the invariant
mass of the leptons associated to the Z1 (Z2) candidate. On the right-hand side the
invariant mass of all four leptons, equal to the invariant mass of the Z1Z2 pair, is shown.
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Table 8.5 shows the event yields and its differences between the simulation and the ATLAS
data for three different ZZ control region definitions. The regions are defined according to
the inclusive WZ and the electroweak WZjj selections. When ignoring the uncertainties due
to the inverted lepton multiplicity cut, scale factors for the cross sections of the simulated
events can be estimated based on these results and the assumption of identical scale factors
for electroweak ZZjj and strong ZZ production. This scale factor is derived in the last row
of the table. Although it is found to be larger than one, no scale factors are applied in the
nominal WZ selection since the values agree with one within the combined uncertainties.
Furthermore, an optimized electroweak ZZjj analysis at higher integrated luminosity or
center-of-mass energy might succeed in significant observation of the electroweak ZZjj produc-
tion. Similar to the WZ final states, the main background to an extraction of the electroweak
component is the production of strong ZZjj.
Table 8.5: Event yields after the inclusive ZZ control region selection (left column), af-
ter additional jet multiplicity requirement (middle column) and after an additional cut on
M (j1 j2 ) > 500 GeV (right column). Other backgrounds include all simulated processes
considered for the nominal WZ analysis. The signal S is defined as the electroweak and
inclusive ZZ production and the background B includes the remaining processes. The
first quoted uncertainty marks purely statistical uncertainties due to the limited number
of simulated events and the second uncertainty covers the luminosity and the theory un-
certainties. In the last two rows, ATLAS data is compared to the simulation and a scale
factor for the simulated ZZ signal is extracted based on the observed ATLAS data.
process ZZ CR N(j) ≥ 2 M(j1j2) > 500 GeV
WZ (Sherpa simulation) 2.6± 0.3± 0.3 0.7± 0.2± 0.1 0.14± 0.07± 0.01
tt¯V (MadGraph simulation) 5.5± 0.2± 1.0 3.7± 0.1± 1.1 0.21± 0.03± 0.06
other backgrounds (simulations) 2.6± 0.8± 0.5 0.3± 0.2± 0.1 0.01± 0.01± 0.01
ZZjj-EW (Sherpa simulation) 1.6± 0.1± 0.1 1.1± 0.1± 0.1 0.52± 0.02± 0.04
ZZ (Sherpa simulation) 152.1± 3.4± 11.5 15.4± 1.1± 1.2 1.44± 0.33± 0.11
Standard Model expectation 163.7± 3.5± 11.6 21.3± 1.1± 1.6 2.32± 0.34± 0.13
observed ATLAS data 189 27 4
observed / expected 1.2± 0.1± 0.1 1.3± 0.3± 0.1 1.7± 0.9± 0.1
(observed - B) / S 1.2± 0.1± 0.1 1.4± 0.3± 0.1 1.9± 1.1± 0.1
98
9 Systematic Uncertainties
Each measurement is subject to uncertainties. They are classifiable into statistical and sys-
tematic sources.
The selected ATLAS data as well as the simulated signal and background processes are
limited by their number of events. This limitation can arise from the total selected event yield
as well as the number of selected events per bin in a kinematic distribution. In principle the
resulting statistical uncertainty can be reduced by additional information in terms of supple-
mentary events. The studies in this work are based on a fixed set of recorded data introducing
a lower bound on the statistical uncertainty. Furthermore, the amount of the data from the
simulation is limited by the available computing resources.
Systematic uncertainties are divided into an experimental and a theoretical origin. Sources
of experimental uncertainties are the measurement of the integrated luminosity, the method of
background estimation as well as potential mismodeling of the object reconstruction (muons,
electrons, jets, missing transverse momentum) and the pile-up in simulations. Theory sys-
tematic uncertainties are entering due to the parton distribution functions, the parton shower
modeling and the truncation of the perturbative expansion at a fixed order.
Measured fiducial cross sections, unfolded distributions and constraints on anomalous quartic
gauge couplings are affected by statistical and systematic uncertainties of the Standard Model
background and the limited number of observed events. Uncertainties of the expected signal
are input to all unfolded distributions and the signal theory uncertainties are required in order
to compare measured cross sections to the expectations from the Standard Model.
9.1 Experimental Systematic Uncertainties
9.1.1 Luminosity Uncertainties
The luminosity of the ATLAS data collected in 2012 during proton-proton collisions at a
center-of-mass energy of
√
s = 8 TeV is calibrated based on van der Meer (vdM) scans [171].
Bunch-by-bunch luminosity measurement is performed by a Cherenkov detector specifically de-
signed for measuring the luminosity (LUCID [230]) and a dedicated Beam Conditions Monitor
(BCM [231]) to monitor the background levels. They are placed symmetrically in the forward
and backward direction of the interaction point close to the beam line. Furthermore, a lumi-
nosity determination based on the hadronic barrel or the forward calorimeter information is
possible.
A total relative uncertainty of 2.8% for the luminosity scale of the 2012 data is derived
following the same methodology as in [171]. This uncertainty is assigned to all simulated
processes. No uncertainty is associated to the ATLAS data. Especially, the fake lepton back-
ground estimation from ATLAS data depends on this uncertainty only due to the subtraction
of prompt lepton contributions estimated from simulations. The dominating sources of sys-
tematic uncertainties for the luminosity determination are the following two:
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Emittance growth and other sources of non-reproducibility: While changes in the
luminosity and the convoluted beam sizes during a vdM scan are found to be negligible, both
effects are clearly visible between individual scans. These effects lead to a varied transverse
emittance of the two beams during the scans. When calculating the visible cross section
required as main input to the luminosity estimation, a growing transverse emittance should
cancel the decreasing interaction rate. This cancellation does not happen in the measurements.
Instead the visible cross section increases. Although it has been tried to identify the origin
of this effect, it is found to be not reproducible. The largest difference across three scans is
added as a systematic uncertainty.
Transverse correlation: The luminosity distribution in either horizontal or vertical di-
rection is found to be well described by a one-dimensional double-Gaussian. For luminosity
determination the two dimensional distribution is required and introduces non-linear correla-
tion terms. No factorization of the horizontal and the vertical planes is possible anymore. This
effect is measured by comparing the visible cross section between a pair of one-dimensional
Gaussians and the full two-dimensional double-Gaussian and is found to be large compared to
the other sources of systematic uncertainties.
9.1.2 Muon Measurement Uncertainties
The muon reconstruction efficiency, the trigger efficiency and the isolation efficiency scale
factors (see Section 7.6) are applied to simulated events to correct for differences between the
ATLAS data and the simulations. They have a finite precision. The selected tag-and-probe
pair has a high purity and is dominated by muon pairs from Z → µµ events. Systematic
uncertainties are induced by the small residual background contamination that is simulated
and subtracted. Observed differences between the application of the method to Z → µµ
pairs and J/ψ → µµ decays are subject to additional systematic uncertainties. Another
source of systematic uncertainties arises from the use of scale factors applied to the muons
with a transverse momentum above 100 GeV. This region is not covered by the efficiency
measurements. Although the scale factors are found to not depend on the transverse momenta
of the muons, a systematic uncertainty of 1%× pT / TeV for all muons with pT > 100 GeV is
added. Full details can be found in [200].
The uncertainties of the transverse momentum and the resolution scale factors are included
by varying the parameters of the muon momentum smearing within the 68% confidence level
range allowed by the systematic uncertainties. They are a result of a template fit procedure
within a varied window around the Z boson mass and are extracted based on the methods
described in [232].
Combined systematic uncertainties of the muon measurement are shown in Figure 9.1 after
the inclusive WZ selection. All sources of systematic uncertainties are assumed to be uncorre-
lated and are added in quadrature. No statistical uncertainties are shown but the effects due to
a limited number of simulated events are included in the visible fluctuations of the systematic
variations between different bins. The left plot shows the transverse momenta of the muons
with the largest transverse momentum assigned to the Z boson in selected (Z → µµ)W events.
The pseudorapidity of these muons is shown on the right-hand side. Combined electroweak
WZjj and inclusive WZ production are classified as signal. The background includes all re-
maining SM processes. Fake lepton background is derived from ATLAS data but no statistical
and systematic uncertainties due to the method are shown. The signal and the background
uncertainty is about 1% for muons with a low transverse momentum but increases up to about
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3% for larger transverse momenta. No signiﬁcant dependence on the pseudorapidity is vis-
ible for the signal and the background uncertainties. Additional distributions are shown in
Appendix H.
Results after electroweakWZjj selection are presented as total relative event yield deviations
in Section 9.3 and are found to be similar to the results presented here after the inclusive WZ
selection. They are not shown as distributions due to the limited number of selected events
from simulation after the corresponding hard phase space cuts.
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Figure 9.1: Muon measurement systematic uncertainties. The left plot shown the trans-
verse momentum of the leading muon assigned to the Z boson in (Z → μμ)W events.
The right ﬁgure presents the pseudorapidity of these muons. All systematic uncertainties
covered in the main text associated to the muons are included and are added in quadrature.
They are shown separately for WZ production (signal) and background. Fake lepton back-
ground is derived from ATLAS data and is aﬀected by the quoted systematic uncertainties
just the by small prompt lepton subtractions. All remaining background contributions are
extracted from simulations. No statistical uncertainties are shown.
9.1.3 Electron Measurement Uncertainties
The electron reconstruction eﬃciency, the identiﬁcation eﬃciency, the trigger eﬃciency and
the isolation eﬃciency scale factor uncertainties are derived in [204]. Requirements on the
underlying tag-and-probe method are varied and are propagated to the scale factors. All
electron scale factors applied to the simulated events are independently varied up and down
within their uncertainties at the 68% conﬁdence level.
Electron energy scale systematic uncertainties include a Z boson scale uncertainty due to
the limited number simulated events, the choice of the event generator and the method for
extracting the energy scale. Additional uncertainties due to the material distributions in
the ATLAS detector and due to the diﬀerences observed for electrons with a low transverse
momentum are included as well. Details are described in [233]. This reference also covers
details of additional uncertainties due to the electron energy smearing procedure that are
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derived and included in all results presented in this work.
Combined systematic uncertainties of the reconstructed electrons in simulation after the
inclusive WZ selection are shown in Figure 9.2. The electron uncertainty components are
assumed to be uncorrelated and are added in quadrature. No statistical uncertainties and
uncertainties due to the fake lepton background estimation are shown. Additional distributions
are collected in Appendix H. Results after the electroweak WZjj selection are presented in
terms of variations of the total event yield in Section 9.3. They are found to be compatible
with the results after the inclusive WZ selection presented here.
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Figure 9.2: Electron systematic uncertainties. The left ﬁgure shows the transverse mo-
mentum of the leading electrons assigned to the Z boson in (Z → ee)W events. The
right plot shows the pseudorapidity of these electrons. All systematic uncertainties cov-
ered in the main text associated to the electrons are included and are added in quadrature.
They are shown separately for WZ production (signal) and background. Fake lepton back-
ground is derived from ATLAS data and is aﬀected by the quoted systematic uncertainties
just by the small prompt lepton subtractions. All remaining processes are extracted from
simulations. No statistical uncertainties are shown.
9.1.4 Missing Transverse Momentum Uncertainties
The missing transverse momentum is calculated as the sum of several terms. Each term
corresponds to a diﬀerent reconstructed object with its own uncertainties (see Section 7.9 for
details). When running the full analysis chain with systematic variations on the objects used
to reconstruct the missing transverse momentum, it is recalculated consistently based on the
varied object quantities. These uncertainties are fully included in the corresponding object
uncertainties and are not considered again.
Soft term resolution and scale uncertainties arise from the modeling in simulation and from
the eﬀects of pile-up. The systematic uncertainties are evaluated based on Z → μμ events [216].
The combined inﬂuence of the soft term uncertainties on this analysis is presented in Fig-
ure 9.3 after the inclusive WZ selection. Signal and background systematic uncertainties per
bin are below two percent. On the left-hand side the missing transverse momentum is shown.
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The right plot presents the transverse mass of the W candidate calculated based on Equa-
tion 7.1.
Results after electroweak WZjj selection presented as relative deviations from the total
event yield are shown in Section 9.3. They are found to be larger compared to the results
after the inclusive WZ selection by a factor of about two. This is supposed to be a result of
additional activity in the calorimeters due to the jet requirements for the electroweak WZjj
selection.
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Figure 9.3: Missing transverse momentum soft term systematic uncertainties. The plots
show the missing transverse momentum (left) and the transverse mass of the W boson
candidate (right) after the inclusive WZ selection. The systematic uncertainties due to
the soft terms in the missing transverse momentum calculation are shown separately for
the WZ production (signal) and the background. Fake lepton background is derived from
ATLAS data and is aﬀected by quoted systematic uncertainties just by the small prompt
lepton subtractions. All remaining processes are extracted from simulations. No statistical
uncertainties are shown.
9.1.5 Vertex Multiplicity Uncertainties
The average number of interactions per bunch crossing 〈μ〉 is scaled by a global factor to
account for diﬀerences between the simulated and the observed data in the minimum bias
vertex multiplicity for vertices with more than two tracks. Detailed studies [192] result in an
estimated scale factor of 1.09 ± 0.04.
The quoted uncertainty is taken into account in the inclusiveWZ selection. Figure 9.4 shows
its inﬂuence on the total jet multiplicity (left) and the rapidity diﬀerence between the tagging
jets after the selection of at least two jets (right).
Just very small systematic uncertainties for diﬀerent jet multiplicities are observed for the
combined electroweak WZjj and inclusive WZ signal and the background. No signiﬁcant
dependence on the jet multiplicity is visible. Systematic uncertainties for the tagging jets are
larger compared to the uncertainties for close-by tagging jets as a consequence of the rapidity
separation and the missing tracking in the inner detector for forward jets.
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Figure 9.4: Vertex multiplicity systematic uncertainties. The plots show the jet multiplic-
ity distribution after the inclusive WZ selection (left) and the rapidity diﬀerence between
the tagging jets after selecting at least two jets (right). Inﬂuence of systematic uncer-
tainties are shown separately for the WZ production (signal) and the background. Fake
lepton background is derived from ATLAS data and is aﬀected by the quoted systematic
uncertainties just by the small prompt lepton subtractions. All remaining processes are
extracted from simulations. No statistical uncertainties are shown.
9.1.6 Jet Uncertainties
Systematic uncertainties due to the reconstruction of jets are expected to play an important
role in this work. Especially after the electroweak WZjj selection including a hard cut on the
invariant mass of the tagging jets, at least one forward jet will be present in the event. This
induces larger systematic uncertainties since the jet energies and the positions are harder to
measure in the forward regions of the ATLAS detector compared to the central region.
The systematic uncertainties of the jets are categorized into the jet energy resolution (JER)
and the jet energy scale (JES) uncertainties. JER uncertainties determine the resolution of
the jet energy measurement and are of stochastic origin. They are derived by smearing the
reconstructed jet energy in simulated events based on a Gaussian probability density function
with a mean of the reconstructed jet energy. The width of the Gaussian is ﬁxed to the jet
resolution estimated as described in [211] for the ATLAS data at a center-of-mass energy of√
s = 8 TeV.
Compared to this, the JES uncertainties are not considered as random but are a coherent
source of systematic uncertainties [156]. They are split1 into several components [234]:
– Six nuisance parameters (“NP”) from the reduction of the in-situ jet calibration.
– Two parameters describing the pseudorapidity intercalibration modeling (“IC model”)
1While a conﬁguration with 56 baseline parameters is available, a reduced set consisting of just 14 parameters
is used here for simplicity. The reduced set is found to “maintain the information on correlations to a
reasonable degree of precision” [234].
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and the method (“IC method”).
– Four pile-up parameters describing the uncertainty of the energy scale dependence on
the number of primary vertices (“PU NPV”), the average interaction per bunch crossing
(“PU 〈µ〉”), the transverse momentum of jets from pile-up (“PU pT”) and the topology
of the transverse momentum density ρ [235] (“PU ρ”).
– Two flavor dependent parameters describing the systematic uncertainty due to the flavor
composition (“composition”) and the flavor response (“response”).
– Two additional parameter describing the systematic uncertainties due to the close-by
fraction and high-transverse momentum jets are either not recommended for the 2012
ATLAS data analyses or are found to have no influence on the final result. They are
ignored in the following.
The dominating components are explained below. Additional details can be found in the
literature [211]. All components are propagated separately up to the final results in order to
preserve possible correlations. Relative differences compared to the nominal number of events
are shown in Table 9.1 for WZ signal and background processes after the inclusive WZ and
the electroweak WZjj selection.
Table 9.1: Relative influence of the systematic jet energy resolution (JER) and the jet
energy scale uncertainties on the final event yields. All values are shown in percent and
are rounded according to [2]. Jet energy scale (JES) acronyms are explained in the main
text. The results are shown after the inclusive WZ phase space selection and after the
electroweak WZjj selection separated into inclusive WZ as well as strong and electroweak
WZjj production.
inclusive WZ selection electroweak WZjj selection
WZ WZjj-EW WZjj-QCD WZjj-EW
JER −0.07 +0.07 −0.1 +0.1 −3.5 +3.5 −0.3 +0.3
NP 1 −0.015 +0.05 −0.14 +0.24 −2.6 +3.0 −0.6 +0.5
NP 2 −0.018 +0.07 −0.18 +0.16 −3.5 +3.2 −0.7 +0.8
NP 3 −0.013 +0.033 0 +0.11 −0.9 +1.2 −0.33 +0.34
NP 4 −0.006 +0.023 −0.09 +0.15 −1.6 +1.7 −0.4 +0.28
NP 5 −0.004 +0.006 −0.024 +0.023 −1.0 +0.032 −0.21 0
NP 6 −0.007 +0.004 0 +0.024 0 +0.5 −0.12 +0.14
IC model −0.06 +0.14 −0.18 +0.4 −7.0 +8.0 −1.5 +2.6
IC method −0.022 +0.07 −0.14 +0.26 −2.8 +3.5 −0.4 +0.6
PU NPV 0 0 −0.022 +0.04 −0.8 +1.2 −0.4 0.05
PU 〈µ〉 −0.0024 +0.0029 0 +0.05 −0.06 +0.9 −0.07 +0.33
PU pT −0.013 +0.02 0 +0.09 −0.06 +0.099 0 +0.096
PU ρ −0.004 +0.02 −0.09 +0.15 −1.6 +1.7 −0.31 0.24
composition −0.04 +0.11 −0.13 +0.29 −4.0 +2.9 −0.7 +1.4
response −0.022 +0.07 −0.14 +0.24 −2.4 +2.8 −0.34 +0.5
total −0.095 +0.19 −0.4 +0.6 −9.7 +11 −1.9 +2.9
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After the inclusive WZ selection the total systematic uncertainties due to the reconstruction
of jets is found to be well below 1%. While no dominating uncertainty components are observed
for inclusive WZ production, the electroweak WZjj production shows larger uncertainties due
to the effective nuisance parameters one and two, the pseudorapidity intercalibration and the
flavor.
Pseudorapidity intercalibration [211] is performed to ensure a uniform calorimeter response
to jets. It is required due to different calorimeter technologies and varying amounts of dead
material in front of the calorimeters and the resulting dependence of the calorimeter response
on the direction of the jets. Correction factors derived from dijet simulation are applied to all
selected jets and the associated uncertainties are quoted.
Flavor uncertainties represent the fraction of light-quark and gluon jets out of the total
number of selected jets and parameterize the changed response due to the uncertainty on this
fraction. The lack of knowledge on the total fraction of gluon jets in the simulated processes
is parameterized in the flavour response uncertainty. Currently, both uncertainties take into
account just gluon and light-quark jets, uncertainties due to b jets are studied separately and
are found to be small [236].
Systematic uncertainties after the electroweak WZjj selection are about 10% for WZjj-QCD
and about 2% for the WZjj-EW production. The results are dominated by the pseudorapidity
intercalibration uncertainties. For strong WZjj production after electroweak WZjj selection
several further uncertainties result in above 1% variation on the selected event yield and have
sizable contributions to the combined systematic uncertainty. This can be explained with the
influence of the systematic uncertainties on the jet distributions as shown in Figure 9.5. The
dependence of the JES and the JER uncertainties on the jet multiplicity is different for the
electroweak WZjj production and the background, dominated by WZjj-QCD. A minimal
uncertainty for WZjj-EW is observed for two selected jets with increasing uncertainties in the
case of more or less selected jets. Compared to this behavior, small systematic uncertainties
for low jet multiplicities are observed for the inclusive WZ process (including WZjj-QCD,
see Appendix A for the notation). The uncertainty is increasing for larger jet multiplicities.
Although no detailed studies are performed to spot the origin of these differences, they are
expected to be correlated with the jets from pile-up and forward jets. While higher jet multi-
plicities of WZ have sizable contributions from pileup jets (see Figure 11.3), negligible pile-up
contributions are expected for WZjj-EW production with two selected jets. Lower jet multi-
plicities of WZjj-EW are selected by missing at least one jet. This process can induce larger
systematic uncertainties. Further studies would be required to understand all mechanisms
resulting in the presented behavior.
Larger jet systematic uncertainties for an increasing dijet invariant mass are observed. This
is a direct consequence of the strong correlation with the absolute jet rapidity value and the in-
creasing systematic uncertainties with increasing rapidity magnitude. Additional distributions
are shown in Appendix H.
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Figure 9.5: Systematic uncertainties due to JES and JER after the inclusive WZ se-
lection. In the top row, the jet multiplicity distribution and the dijet invariant mass are
shown. The absolute value of the jet rapidity for the leading and the subleading jets is
shown in the bottom row. At least two selected jets are required in all plots but the jet
multiplicity. Electroweak WZjj production is deﬁned as signal and is shown in red. The
background, shown in blue, includes all remaining SM processes but is dominated by in-
clusive WZ production including WZjj-QCD. Fake lepton background is derived from
ATLAS data and is aﬀected by the quoted systematic uncertainties just via the small
prompt lepton subtractions. All remaining processes are extracted from simulations. The
uncertainties are assumed to be uncorrelated and are added in quadrature. No statistical
uncertainties are shown.
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9.2 Theory Uncertainties
This section covers the theory systematic uncertainties affecting the inclusive WZ as well
as WZjj production. They are classified into renormalization and factorization scale uncer-
tainties, the uncertainties due to the parton distribution functions and the effects of parton
showering. The uncertainties are independently estimated for the two relevant fiducial phase
space definitions: Inclusive WZ and electroweak WZjj. Background processes estimated from
simulations are subject to theory uncertainties as well. They are covered in the last subsection.
9.2.1 Renormalization and Factorization Scale Uncertainties
The cross sections σ are calculated by an expansion in perturbative QCD:
σ = a0αps (µr) +
n∑
i=1
ai(µr)αp+is (µr). (9.1)
Based on this equation, the leading order exponent p is zero for the electroweak WZjj pro-
duction and the inclusive WZ process. It is two for the strong production of WZjj. Although
the renormalization scale µr appears in the equation, the final cross sections are not dependent
on its choice. Current calculations of the WZ and the WZjj final states are limited to the
next-to-leading order (n = 1). As a consequence the dependence on µr does not cancel and
the cross sections are dependent on the exact scale choice.
As introduced in Section 5.1 hadronic decays and collinear singularities are factorized into
the parton distribution functions based on the factorization theorem. This introduces another
arbitrary scale, the factorization scale µf [128].
Both scales are not present in nature and are the results of our limited abilities to calculate
the full processes. As a consequence, all results will be scale dependent and the variations
of the fiducial cross sections due to the scale variations are inducing systematic uncertainties.
These uncertainties are estimated in this section.
Dynamical renormalization and factorization scales are employed. This denotes scale choices
depending on the kinematics of each simulated event. Advantages over choosing constant scales
are smaller systematic uncertainties and reduced differences of kinematic distributions between
the leading (LO) and the next-to-leading (NLO) order calculations in the perturbative QCD.
Details can be found in the references given to each dynamical scale definition below.
The nominal dynamical scale for the inclusive WZ production is calculated as the invariant
mass of the WZ system [218]: µf = µr = M(WZ).
The calculations of the strong WZjj production are based on µf = µr = H ′T/2 with [86]
H ′T =
∑
i∈ jets
piT exp
[
yi − 12(y1 + y2)
]
+
√
p2T(W ) +m2W +
√
p2T(Z) +m2Z . (9.2)
In this equation, pT and y denote the transverse momenta and the rapidities of the final state
jets. The transverse momenta of the final state W and Z boson candidates are calculated from
their decay products and the masses mZ and mW are fixed values taken from [2]. Non-resonant
production without s-channel gauge bosons is included and effective W and Z transverse
momenta are calculated based on the final state leptons and the neutrinos.
Scale choices for the calculations of the electroweak WZjj processes are based on the mo-
mentum transfer between the initial and the final state quarks which is found to reproduce
next-to-leading order distributions at leading order better compared to other choices [85].
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“The validity of the theoretical predictions is established by proving that the scale de-
pendence reduces when higher order terms are included” [86]. This is conﬁrmed by smaller
uncertainties at NLO, the highest order at which calculations are available, compared to LO,
as shown in Figure 9.6 for the WZjj-EW production after the ﬁducial electroweak WZjj
selection in the μ±e+e− ﬁnal state. Furthermore, the LO results for the electroweak produc-
tion are independent on the renormalization scale due to missing strong vertices (p = 0 in
Equation 9.1).
Inﬂuences of the systematic uncertainties on the ﬁducial cross sections are estimated by
independently multiplying the factorization and the renormalization scales with factors of two
and one-half. Although this choice is clearly artiﬁcial it is adopted in this work following
previous analyses. A detailed discussion deriving clear limitations and possible extensions of
the method are available in [237].
After inclusive ﬁducialWZ selection, maximal relative deviations of −3.3% and +4.1% from
the nominal cross sections are observed for the inclusiveWZ production based on Mcfm [218].
Based on the results presented in Figure 9.6 and by ignoring the variations by a factor of
four and one-fourth, the maximal inﬂuence of the scale variations for WZjj-EW after the
ﬁducial electroweak WZjj selection is found to be −1.0% and +2.1% at NLO. The results for
the strong WZjj processes are estimated with Vbfnlo in the μ±e+e− ﬁnal state at NLO. All
variations are shown in Figure 9.7 and downward and upward uncertainties of −10.9% and
+6.7% are extracted.
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Figure 9.6: Inﬂuence of the scale variations on the ﬁducial cross sections after the elec-
troweak WZjj selection for SM WZjj-EW production [238]. Leading order results are
shown in the left ﬁgure and the right ﬁgure shows the results obtained at next-to-leading
order in perturbative QCD. The nominal dynamical scales are named μ0 .
9.2.2 Parton Distribution Function Uncertainties
Various sets of parton distribution functions (PDFs) based on diﬀerent experimental and the-
oretical inputs are available. The Lhapdf package [153] is used to access the diﬀerent sets.
During the time of this work, CT10 has been selected as the ATLAS default PDF set and is
used as the nominal set for all studies presented in this work. It contains next-to-leading order
PDFs with a Hoppet αs evolution [102].
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Figure 9.7: Inﬂuence of the scale variations on the NLO cross sections after the ﬁducial
electroweak WZjj selection for WZjj-QCD production [238]. The nominal dynamical
scale μf = μr = μ0 is multiplied or divided by factors of two or four.
Systematic uncertainties are derived by independently applying all 26 CT10 eigenvector sets
with the corresponding upward and downward ﬂuctuations, deriving the ﬁducial cross sec-
tions σ±i and comparing to the nominal cross section value σ0. Dynamical scales as discussed
in subsection 9.2.1 are applied. The derived uncertainties are added in quadrature due to
no correlations between the diﬀerent eigenvectors and are divided by 1.645 to obtain an 68%
conﬁdence level coverage:
Δσ+max =
1
1.645
√√√√ 26∑
i=1
[
max(σ+i − σ0, σ−i − σ0, 0)
]2
(9.3)
Δσ−max =
1
1.645
√√√√ 26∑
i=1
[
max(σ0 − σ+i , σ0 − σ−i , 0)
]2
. (9.4)
PDF uncertainties after the ﬁducial inclusive WZ selection are derived in [218] without
a separation of the electric charges of the ﬁnal state bosons. It is found to be +5.3% and
−6.1%. Diﬀerences between positively and negatively charged ﬁnal states are expected due
to the colliding proton beams (compared to anti-protons) and the resulting electric charge
asymmetry for the initial state quarks parameterized by the PDF. As a consequence, the PDF
uncertainties are estimated for both charges separately in this work and combined results are
shown for reference only.
Results for the WZjj-EW production are derived in [239] after the electroweak WZjj selec-
tion at next-to-leading order in perturbative QCD in the e+e−μ± ﬁnal state. The uncertainties
are estimated to +4.0% and −3.6% for the ﬁnal state with positive electric charge of the W
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bosons and +5.1% and −9.0% for a negative electric charge.
Similarly, the uncertainties for the WZjj-QCD processes after the electroweak WZjj selec-
tion are derived in this work. The fiducial cross sections for all CT10 PDF eigenvectors are
calculated with Vbfnlo. Combined relative deviations from the central value of +3.1% and
−2.4% (+3.4% and −3.3%) are estimated in the e+e−µ+νµjj (e+e−µ−ν¯µjj) final state. Differ-
ent final states, especially with three identical lepton flavors, result in compatible results but
are not fully evaluated in this work. Identical uncertainties for all lepton flavor combinations
are assumed in the following.
9.2.3 Parton Showering Uncertainties
A dependence of the fiducial cross sections and the acceptances on the parton shower generator
and its parameter settings is observed for various diboson final states produced in association
with jets. In addition, a significant difference between unshowered and showered final states
is present (see discussion in Section 5), especially after the electroweak selections [22].
While next-to-leading order calculations consistently interfaced to parton showers are avail-
able for the W±W±jj and the ZZjj final states [78, 84, 88], no implementation of WZjj
is finished. On the other hand, acceptance calculations and simulated events are based on
showered Sherpa events that are leading order in each jet multiplicity. Estimations of the
next-to-leading cross sections and the associated scale factors are presented in Section 10.4
and are subject to parton shower uncertainties.
No realistic estimation of shower uncertainties is possible due to the missing implementations
in the available event generators. As a conservative approach, events at leading order are gen-
erated with Vbfnlo, are showered with Pythia8 AU22 or Herwig++/Jimmy3 and are pro-
cessed in Rivet [94] to derive the fiducial cross sections. Compared to the fiducial electroweak
WZjj cross sections derived from Sherpa, relative differences of −10.2% (+4.8%) when us-
ing Pythia8 AU2 and −9.1% (−2.9%) for Herwig++/Jimmy are observed for WZjj-EW
(WZjj-QCD) production in the e+e−µ± final states.
In addition, the scale of the CKKW merging in Sherpa (see Equation 5.1) is changed from its
nominal value of Qcut = 20 GeV by ±25%. Relative deviations for the inclusive WZ production
of −2.4% and +3.1% are observed in the inclusive WZ phase space. After fiducial electroweak
WZjj selection, deviations of −7.4% and +5.4% are observed. Changing the parton shower
initial scale by a factor of two or one-half resulted in −1.3% or +7.9% (−3.4% or +15.0%)
differences compared to the nominal values for the WZjj-EW (WZjj-QCD) production.
Larger dependence on the shower modeling is observed for LO compared to NLO events
in the W±W±jj final state [22]. Under the assumption of similar behavior with the same
trend for other diboson final states, especially WZjj, the leading order uncertainty is quoted
as a conservative showering uncertainty. This also accounts for the fact that the nominal WZ
simulation is performed with Sherpa (see Appendix D) providing just leading order accuracy
for each jet multiplicity.
No significant dependence of the parton shower uncertainties on the charge of the W boson
is observed. This is compatible with the results presented in [22].
2Pythia 8 [240] is employed for the parton showering, the hadronization and the underlying event. The latter
is based on the AU2 tune [241].
3Herwig++ [242] is employed for the parton showering and the hadronization. The underlying event is based
on the Jimmy model [243].
111
9 Systematic Uncertainties
In summary, the following parton shower uncertainties are estimated after the fiducial elec-
troweak WZjj selection: WZjj-EW production: −13.7% and +7.9%. WZjj-QCD production:
−8.6% and +16.6%. After the inclusive WZ selection, the uncertainties for the inclusive WZ
process are estimated to −2.4% and +3.1%. The latter results are just based on varied CKKW
merging scales and additional studies like comparisons to other shower generators are required
for a more realistic estimation.
9.2.4 Uncertainties of different Parton Multiplicities
Electroweak WZjj production is just defined with at least two final state quarks from the hard
interaction. No Feynman diagrams with lower quark multiplicities are possible in the Stan-
dard Model (see Chapter 3). This is different for the strong WZjj production with a cross
section proportional to α4em. For this process class arbitrary final state quark multiplicities
are possible. As a result, WZ production in association with one or zero additional quarks
from the hard interaction can contribute after the electroweak WZjj selections if additional
jets are reconstructed. This is dominated by parton showering effects, multiple partonic in-
teractions and pile-up. These effects are already included in the acceptance calculations and
the event generations based on Sherpa. The main concern of this section are the systematic
uncertainties of processes with lower parton multiplicity that may be different compared to
the uncertainties estimated for WZjj-QCD.
Based on the nominal Sherpa sample of inclusive WZ production (dataset ID 185397, see
Table D.1 in the appendix, includes WZjj-QCD production), the number of final state quarks
or gluons from the hard interaction is extracted after the fiducial electroweak WZjj phase
space selection. 11.1% of all events are originating from lower quark or gluon multiplicities.
This is shown in detail in Table 9.2. All results have to be interpreted with the merging of
the jets from the hard interaction and the parton shower in mind. Since this algorithm is
employed, overlap between the different multiplicities is resolved and the derived results are
dependent on the merging algorithm and the selected separation cut Qcut (see Section 5.1).
Table 9.2: Number of quarks or gluons from the hard interaction for the inclusive WZ
production after the electroweak WZjj selection. The results are based on the inclusive
Sherpa sample with up to three quarks or gluons from the hard interaction and the dataset
ID 185397 (see Table D.1 in the appendix).
number of quarks or gluons 0 1 2 3
number of events 5 4 25 47
fraction of events / % 6.2 4.9 30.9 58.0
To check the observed behavior, two sets of Sherpa events are compared. The nominal
inclusive set with up to three jets from the hard interaction and a reduced set with a restriction
to at least two jets from the hard interaction. All events include proper merging between
the jets from the hard interaction and from the parton shower and the full ATLAS detector
simulation. The events passing the electroweak WZjj selection are scaled to the integrated
luminosity recorded by ATLAS, 20.3 fb−1. 25.4 ± 1.0 events of the inclusive set and just
22.5± 0.6 events from the restricted set are kept after all cuts. This results in a contribution
of (12.9 ± 5.4)% from lower parton multiplicities, compatible with 11.1% obtained with the
alternative method.
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Events with zero quarks or gluons from the hard interaction are generated with Sherpa and
MadGraph. While the Sherpa internal parton showering algorithm and tuning is applied
to the Sherpa samples, the MadGraph events are showered with Pythia8 AU2 or Her-
wig++/Jimmy. After the fiducial electroweak WZjj selection, −21.3% (+29.6%) relative
differences of the event count are observed for the MadGraph events showered with Her-
wig++/Jimmy (Pythia8 AU2) compared to Sherpa. Based on the same method, −31.3%
(+9.6%) differences are observed for events with exactly one quark or gluon from the hard
interaction.
Conservative uncertainties of the lower parton multiplicities compared to WZjj-QCD pro-
duction are calculated based on these results by assuming full correlation between the different
parton multiplicities:
– upward uncertainty: 0.062× 29.6% + 0.049× 9.6% = 2.3%
– downward uncertainty: 0.062× 21.3% + 0.049× 31.3% = 2.9%.
9.2.5 Higgs Boson Dependence
The first studies for this analysis were made when a particle compatible with the Standard
Model Higgs boson had not been discovered by the CMS [12] and ATLAS [11] collaborations.
During that time the unknown mass and the resulting unknown width of the Higgs boson
had been included in the electroweak V Vjj production by assigning a systematic uncertainty.
The uncertainty had been derived by varying the mass of the Higgs boson and recalculating
the associated theoretical width by employing [244]. Corresponding total cross sections of the
electroweak V Vjj production had been calculated and the largest difference had been assigned
as a systematic uncertainty.
Now, with a Higgs candidate being observed with a mass of (125.9 ± 0.4) GeV [2], this
uncertainty is dropped. Nevertheless, the results are presented in Figure 9.8 to show the
general dependence on the mass of the Higgs boson for WZjj-EW and W±W±jj-EW produc-
tion. The cross sections are derived in the corresponding fiducial phase spaces (electroweak
WZjj fiducial phase space and the W±W±jj VBS fiducial phase space [22]). Just positively
charged W bosons decaying into two positrons and two electron-neutrinos are considered in
the W±W±jj final state and the WZjj production is constraint to an anti-muon, a muon-
neutrino and an electron-positron pair. Results with the same trend are observed for negatively
charged W bosons and different final state leptons by generating three benchmark points per
configuration.
The cross section reaches a plateau at about 8% deviation from the SM fiducial cross section
for very high Higgs boson masses of about 10 TeV. Since these regions at large Higgs masses
above about 1 TeV are excluded by theoretical considerations [74], the uncertainty due to the
unknown Higgs mass had been estimated to −0.5% and +5.0%. The unphysical regions at
very high masses are interesting since the model is becoming effectively higgsless and unitarity
of electroweak gauge boson scattering is violated (see Section 4.3). The plateau is reached as
a result of the regularizing effects of the parton distribution functions restricting initial quark
and gluon momenta.
9.2.6 Summary of WZ Theory Uncertainties
The theory systematic uncertainties for WZjj processes after the inclusive WZ and the elec-
troweak WZjj fiducial phase space selections are summarized in Table 9.3. Additional uncer-
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Figure 9.8: Dependence of electroweak WZjj and W±W±jj fiducial cross sections on
the mass of the Standard Model Higgs boson. The fiducial cross sections are derived with
Vbfnlo based on the corresponding electroweak fiducial phase space selections.
tainties that might arise from the modeling of multiple partonic interactions or from higher
orders in the electroweak or the QCD perturbation theory are not derived in the context of
this work and are assumed to be negligible.
No theory uncertainties for electroweak WZjj production after the inclusive WZ selection
are estimated since its contribution is just about 1.5% of the inclusive WZ event yield (see
Table 7.1). As a consequence, the theory uncertainties will have no large effects on the results
based on this phase space selection. The uncertainties derived after the fiducial electroweak
WZjj selection are fully adopted and are therefore assumed to be independent of the jet
multiplicity and the cut on the invariant tagging jet mass.
Table 9.3: Theory systematic uncertainties of the WZ processes after the inclusive WZ
and the electroweak WZjj selection. This table summarizes the results obtained in Sec-
tion 9.2. Additional details are presented in the main text.
process fiducial phase space scales PDF shower partons total
WZ inclusive WZ +4.1% +5.3% +3.1% − +7.4%−3.3% −6.1% −2.4% − −7.3%
WZjj-QCD electroweak WZjj +6.7% +4.6% +16.6% +2.3% +18.6%−10.9% −4.1% −8.6% −2.9% −14.8%
WZjj-EW electroweak WZjj +2.1% +6.5% +7.9% − +10.4%−1.0% −9.7% −13.7% − −16.8%
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9.2.7 Background Processes
Theory systematic uncertainties of the background processes are taken into account for the
cross section measurement, the unfolding and for constraints on anomalous quartic electroweak
gauge couplings. Since the background due to the fake leptons is derived from ATLAS data,
no theory uncertainties from this source enter in the final results. The theory uncertainties
of the irreducible background subtracted during fake lepton estimation are found to be small
but are fully included in the systematic uncertainties of the estimated fake lepton background.
Remaining background processes extracted from simulations are tt¯V , ZZ, tZj and V V V pro-
duction with subsequent decays.
Top pair production in association with W or Z bosons is modeled with MadGraph. The
normalization is based on next-to-leading order calculations. The uncertainties are estimated
by varying the renormalization and the factorization scales as well as the PDF [245, 246]. A
conservative total theory uncertainty of 30% is derived [247] and is applied to the measurements
after the inclusive WZ as well as the electroweak WZjj selections.
Z boson pair production theory uncertainties are estimated to 7% after the inclusive fiducial
WZ selection [218]. The theory uncertainties of ZZjj are estimated in [22] and are found to
be 19% in the fiducial phase space used there. Since this value has been derived based on very
rough approximations, Sherpa and Vbfnlo events with varied scales and PDF eigenvectors
are produced to extract more careful values. The events generated with Vbfnlo are showered
with Pythia8 AU2 or Herwig++/Jimmy and are compared to events from Sherpa. A
total theory uncertainty of +15.1% and −22.3% is derived for the combined ZZjj production
based on the same methods presented in Section 9.2. These value include the scale and the
PDF uncertainties of the electroweak and strong ZZjj production as well as the parton shower
uncertainties of ZZjj-EW. Shower uncertainties as well as the uncertainties due to the different
parton multiplicities for ZZjj-QCD processes are not finished due to technical limitations and
are assumed to be covered by the total theory uncertainties summarized in Table 9.4.
Theory uncertainties of the triple electroweak gauge boson production play a minor role
due to small contributions of this background after all selection cuts (see Table 9.4). The
PDF eigenvector variations result in +4.5% and −5.1% deviation while the leading order scale
variations by a factor of two and one-half lead to +4.3% and −2.8% maximal deviations from
the nominal total cross section in the inclusive WZ fiducial phase space. Due to the missing
parton showering uncertainties, a conservative theory uncertainty of 10% is assigned in this
work, but refined studies are required. The uncertainty has been changed to 20% and 50%
and is found to have no influence on the final cross section estimation.
Theory uncertainties for the tZj production due to the PDF and the scale choices are derived
in [248] at next-to-leading order in perturbative QCD. The total combined uncertainty is found
to be 11.7%. This value is used throughout this work. The result is estimated for an inclusive
jet selection and larger uncertainties might be present after the electroweak WZjj selection.
Dedicated Sherpa events to derive more detailed results are currently produced but are not
finished due to slow integration and event generation tasks.
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9.3 Summary of Systematic Uncertainties
The influence of the systematic uncertainties on the selected event yields is summarized in
Table 9.4 after inclusive WZ selection and after electroweak WZjj selection. All uncertainties
are grouped into categories. Within each category, the uncertainties are assumed to be un-
correlated and are added in quadrature. This also holds for the collections of processes such
as ZZ = {ZZ,ZZjj-EW}. When deriving the final results like cross sections and unfolded
distributions, all systematic uncertainties are propagated separately and the correlations are
preserved.
On the bottom of each table, the statistical uncertainties arising from a limited number of
simulated or observed events are shown. The nominal event yields, scaled to the luminosity of
the analyzed 2012 ATLAS data of 20.3 fb−1, are presented for comparison.
Large differences of the systematic uncertainties of the jets are observed between the inclusive
and the electroweak selection. This is dominated by the uncertainties due to the pseudorapidity
interpolation and is covered in detail in Section 9.1.6 for WZ signal and background processes.
No large additional differences for the remaining object uncertainties are observed.
The systematic uncertainties of the fake lepton background estimated from ATLAS data
arise from the uncertainties of the fake rates and from the uncertainties due to the prompt
backgrounds subtracted based on simulations. The final uncertainties are of the order of
typical theory uncertainties resulting in fake lepton background estimations with similar or
even lower uncertainties compared to the typical background estimations based on simulations.
Large differences for the statistical uncertainties between electroweak and inclusive selection
are observed as a result of the limited number of selected events from ATLAS data in the
corresponding fake regions (see Section 8.2).
The total combined systematic uncertainties are dominated by the theory uncertainties and
the uncertainties of the luminosity measurement. After electroweak WZjj selection, the jet
uncertainties become dominant as well.
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10 Cross Section Measurements
The measurements of the fiducial cross sections for the inclusive WZ and the purely elec-
troweakly mediated WZjj production are presented in this chapter.
In the first section the underlying statistical method is introduced. It follows a definition
and the determination of the signal efficiencies and the expected fiducial cross sections from
theory calculations. The corresponding fiducial phase space selection criteria are summarized
in Section 7.1. A fiducial cross section measurement of the inclusive WZ production based on
20.3 fb−1 of ATLAS data at a proton-proton center-of-mass energy of
√
s = 8 TeV is covered
in the following section. Finally, the discovery significance for the WZjj-EW production,
inseparably including electroweak gauge boson scattering as the main topic of this work, is
derived. The observed fiducial cross sections are extracted and compared to the expectations
from the Standard Model calculated with Vbfnlo.
10.1 Statistical Method
The measured fiducial cross section σfid is defined by the following relation:
σfid =
nobsc − bc
L ·Br · c . (10.1)
Observed event yields in the final state c ∈ {e+e−e±, e+e−µ±, µ+µ−e±, µ+µ−µ±} are named
nobsc . The total expected background yields bc and the signal efficiencies c are dependent
on the final state channel c. An additional input parameter is the integrated luminosity
L = (20.3 ± 0.6) fb−1. The branching fraction of the channel with respect to all leptonic1
final states is Br = 0.25. Its value is defined by assuming lepton universality [249] and is not
measured with ATLAS data.
Since the fiducial cross section is based on the number of observed events nobsc , the cross
section measurement is a counting experiment. A Poissonian is employed for modeling the
probability of the observed event count in the channel c:
Pois
(
nobsc |σfid × L×Br × c + bc
)
. (10.2)
The measurement is subject to different sources of systematic uncertainties. They are af-
fecting the total expected background yields and the signal efficiencies. The true and unknown
total expected background yield bc can be written as a sum over all background components i:
bc(θ) =
∑
i
bc,i(θ). (10.3)
1As covered in Appendix A, only electrons, positrons, muons and anti-muons are referred to as leptons in the
context of the experimental sections of this work.
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With the nominal measured background estimate b0c,i, the true background for each compo-
nent i can be reparameterized as
bc,i(θ) = b0c,i
1 +∑
j
δc,i,jθj
 . (10.4)
Different types of systematic uncertainties are marked by j. This equation introduces the
relative uncertainty δc,i,j for the background component bc,i as a result of the systematic un-
certainty j. The nuisance parameters θ = {θj} are a part of the model and are unknown. Their
values are constrained by the one sigma up and the one sigma down variations on the source of
the systematic uncertainty of type j translated into varied background and efficiency estimates
and represented by different values of θ0. A function for continuous nuisance parameters as
the input to the fits mentioned below is obtained by a fifth order polynomial interpolation
and exponential extrapolation of the nominal and the two varied estimates [250]. The set of
nuisance parameters θ = {θj} is modeled by Gaussian distributions:
Gauss(θ0j |θj , 1) =
1√
2pi
exp
[1
2
(
θ0j − θj
)2]
. (10.5)
Confidence interval extraction for the fiducial cross sections is based on the likelihood prin-
ciple. For a set of parameters (σfid,θ) the probability density function (pdf) is a function of
the outcome of the experiment nobsc with the parameters being fixed:
nobsc 7→ pdf(nobsc |σfid,θ). (10.6)
The likelihood function is using the same functional dependence but here the outcome nobsc is
taken to be fixed and the parameters (σfid,θ) are free:
σfid,θ 7→ L(nobsc |σfid,θ). (10.7)
For constructing the likelihood of this measurement, all distributions mentioned above are
multiplied:
L(σfid,θ) =
∏
c ∈ final state
Pois
(
nobsc |σfid × L×Br × c(θ) + bc(θ)
) ∏
j ∈ {syst.}
Gauss(θ0j |θj , 1).
(10.8)
A profile likelihood [69] test statistic t(σfid) is used to eliminate the dependence on the
nuisance parameters:
t(σfid) = −2 lnL(σfid,
ˆˆ
θ)
L(σˆfid, θˆ)
. (10.9)
With an increasing value of the test statistic the compatibility of the tested fiducial cross
section with observed data decreases.
The hat notation in the denominator denotes an unconditional maximum likelihood esti-
mator. In other words, the value of the likelihood at the global maximum appears in the
denominator. A double-hat notation in the numerator represents the value of θ that maxi-
mizes the likelihood for a given σfid, a conditional fit. Technically, the term represents the
maximum of the likelihood function as a function of σfid.
The approach presented here is based on frequentist statistics. The probability is interpreted
based on hypothetical repetitions of the same measurement constructing different confidence
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regions each. A subset of all confidence regions, defined by the confidence level (CL), will cover
the true value.
The extraction of the confidence region is based on the test statistic of Equation 10.9 and
a conventional confidence level of 68.3%. In addition, Wilks’ theorem [251] is applied. It
states that for N parameters of interest the test statistic asymptotically follows a chi-square
distribution for N degrees of freedom. With the only parameter being the fiducial cross
section, the test statistic will follow a chi-square distribution with one degree of freedom.
The asymptotic behavior requires a set of regularity conditions and a sufficiently large data
sample [252]. For one selected final state channel the actual test statistic is produced by the
generation of 10 000 prototype (toy) events. Extracted results are found to be consistent with
the cross section derived with the asymptotic formula within the uncertainties of the result.
10.2 Signal Efficiencies
The signal efficiency per final state channel, c, is defined as the following ratio:
c =
ndetectorc
ngeneratorc
. (10.10)
Its calculation is based on simulated events. The number of events passing the full signal region
selection after full simulation of all detector effects are named ndetectorc . They are divided by
the number of simulated events in final state c passing the fiducial phase space selection at
generator level, ngeneratorc .
Efficiencies correct for detector effects like trigger, reconstruction and identification ineffi-
ciencies. Furthermore, the phase space definitions with and without detector simulation differ.
For example it is hard to mimic the calorimeter isolation cuts without presence of a calorime-
ter at the generator level. Although both phase space selections are chosen to be similar, the
remaining differences are parameterized in the efficiency.
Effects of QED radiation are taken into account by dressing final state leptons with photons
in the fiducial phase space definition (for details see Section 7.1). A veto on tau leptons from
the hard interaction is applied in the fiducial phase space definition. Leptons from tau decays
or the parton showering entering into selected events at the detector level are included in the
efficiency definition. They are one possible source of migration effects, where events failing the
generator selection criteria might get selected at the detector level.
Derived signal efficiencies for the WZ selection are shown in Table 10.1. They are calculated
based on Sherpa simulation and a cross section weighted combination of the electroweak
WZjj and the inclusive WZ production. The pure signal efficiencies of the WZjj-EW process
after the electroweak WZjj selection are shown in addition.
Large differences between the final state channels are visible. They are found to be a
result of different object selection criteria for the electrons and the muons and for the leptons
associated to the W and Z boson candidates. At the generator level they are influenced by
residual QED radiation effects not taken into account during the dressing in combination with
the requirement on the Z window for electrons. Large efficiencies for the final state with three
muons are the result of a high reconstruction efficiency of about 95%. The lower muon trigger
efficiency of about 80% plays a minor role since just one muon is required in order to trigger
the whole event.
A larger efficiency after the electroweak WZjj selection compared to inclusive WZ selection
is a result of bin migrations in the jet multiplicity distribution. Events with one or zero jets at
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the generator level are reconstructed as events with two jets at the detector level mainly due
to pile-up effects. These effects are studied in the context of unfolding in Chapter 11. The
fraction of events with less than two jets at the generator level out of the events with exactly
two jets at detector level is found to be 27% for combined electroweak WZjj and inclusive WZ
production without a cut on the invariant tagging jet mass. In the electroweak WZjj phase
space including a cut of M(j1j2) > 500 GeV, this fraction is estimated to (12.7 ± 5.4)% (see
Section 9.2.4).
Table 10.1: Signal efficiencies in percent calculated based on Sherpa simulations. The
results for the WZ selection are based on a cross section weighted average of the electroweak
WZjj and the inclusive WZ signal efficiencies. The numbers after the electroweak WZjj
selection are based on a purely electroweak WZjj production. The uncertainty is the
statistical uncertainty due to a limited number of simulated events.
final state inclusive WZ selection electroweak WZjj selection
e+e−e± 48.5± 0.6 59.2± 3.6
e+e−µ± 64.1± 0.8 74.1± 4.5
µ+µ−e± 66.3± 0.7 69.8± 4.1
µ+µ−µ± 83.1± 0.9 84.6± 4.4
10.3 Theory Fiducial Cross Section Estimation
All fiducial cross sections for the WZ processes are derived at next-to-leading order in per-
turbative QCD. The results are obtained for different fiducial phase space definitions. Just
leptonic decays into electrons and muons are taken into account.
Cross sections for the WZ production in the inclusive fiducial WZ phase space are derived
in [218] with Mcfm 6.6:
σtheoryWZ (fiducial inclusive WZ selection) = 121.5± 0.3 (stat.) +8.1−8.4 (syst.) fb. (10.11)
The calculation includes additional jets produced by the parton shower but just up to one
final state quark or gluons from the hard interaction is simulated. Dynamical renormalization
and factorization scales are calculated from the invariant mass of the W and Z pair and the
CT10 parton distribution function [102] is employed. Systematic uncertainties are taken from
Table 9.3.
The theory cross section of the electroweak WZjj production after the inclusive fiducial WZ
selection is estimated with Vbfnlo 2.7.0 at next-to-leading order in perturbative QCD. Input
parameters of the calculations are set according to the GF electroweak scheme and the current
best-fit values of the masses and the decay widths of the Standard Model particles [2]. CT10 is
used as the parton distribution function. Dynamical renormalization and factorization scales
as discussed in detail in Section 9.2.1 are employed. A run card with these definitions and the
applied cuts is shown in Appendix E.1. All calculations are performed in the e+e−µ± final
state only and are scaled to the fully leptonic final state by assuming lepton universality [249].
This assumption is already applied internally in the event generator. Due to technical reasons
neither event output nor parton showering are currently possible at next-to-leading order
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in perturbative QCD. Therefore the phase space definition is directly implemented into the
generator and the results after the cuts on the partonic final states are extracted:
σtheoryWZjj-EW(fiducial inclusive WZ selection) = 1.4± 0.1 (stat.) +0.1−0.2 (syst.) fb. (10.12)
The systematic uncertainties are directly taken from the electroweak WZjj phase space results
presented in Table 9.3. Although effects on the uncertainty due to the differences in the phase
space selections are expected, their impact can be neglected due to the small contribution of
the electroweak production compared to the strong production for the considered phase space
definition.
The following results are derived after the fiducial electroweak WZjj phase space selection.
A similar generator setup as for the inclusive phase space is used with the cuts adjusted to
the electroweak selection. The renormalization and factorization scales of the strong WZjj
process are dynamically set to H ′T/2 as introduced and discussed in Section 9.2.1. Statistical
uncertainties are about three attobarn and are not shown. Systematic uncertainties are taken
from Table 9.3:
σtheoryWZjj-QCD(fiducial electroweak WZjj selection) = 1.62
+0.29
−0.24 (syst.) fb (10.13)
σtheoryWZjj-EW(fiducial electroweak WZjj selection) = 0.51
+0.05
−0.09 (syst.) fb. (10.14)
10.4 Sample Cross Section Estimation
The cross sections for the Sherpa samples used throughout this work are leading order only
for each jet multiplicity (see Table D.1). They are scaled to next-to-leading order results in
perturbative QCD (NLO) based on unshowered Mcfm and Vbfnlo calculations in a fiducial
phase space (PS). The method is based on identical settings as presented in Section 10.3.
σNLO(Sherpa, sample PS) = σNLO(fiducial PS)× N(Sherpa, sample PS)
N(Sherpa, fiducial PS) (10.15)
This equation is based on the assumption of identical acceptances2 for the next-to-leading
order calculation of σNLO(fiducial PS) by Mcfm or Vbfnlo and the Sherpa generation. It
includes differences due to the parton showering and the order in perturbative QCD between
both generators. Sherpa events include a matching between the jets from the hard interaction
and the parton shower and the processes are not well defined without parton showering. On
the other side, the Mcfm and Vbfnlo results are strictly partonic without any showering
effects.
The cross section of the inclusive WZ production in the Sherpa sample phase space is
derived with Mcfm 6.8 after the fiducial inclusive WZ selection in the e+e−µ± final state:
σNLOWZ (Mcfm, fiducial PS) = (29.94± 0.24) fb. (10.16)
The uncertainty includes the statistical uncertainty from the integration as well as the uncer-
tainty on the branching ratios of the W and Z decays [2]. Out of N(Sherpa, sample PS) =
1 999 996 generated events in the Sherpa dataset, N(Sherpa, fiducial PS) = 19 324 events
2The acceptance is defined as the cut efficiency at the generator level. The Sherpa acceptance corresponds to
the inverse of the event ratio on the right-hand side of Equation 10.15.
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are passing the inclusive fiducial WZ selection in the e+e−µ± final state. After application of
Equation 10.15, a cross section in the Sherpa sample phase space is derived:
σNLOWZ (Sherpa, sample PS) = (3 098.7± 33.5) fb. (10.17)
Compared to the cross section calculated with Sherpa, this results in a scaling factor of 1.32.
This factor, usually referred to as the k factor, is shown in Table D.1 in the appendix and
is applied for all results not obtained in the electroweak WZjj phase space presented in this
work.
Results for the electroweak WZjj fiducial phase space are shown in Table 10.2. Leading
order results obtained with Vbfnlo and the same settings are shown for comparison. The
statistical uncertainties of the cross sections are not shown but found to be below 0.2% (0.1%)
for all calculations at next-to-leading (leading) order. A scaling factor of 1.35 is derived for
the strong WZjj production compared to the cross section calculated by Sherpa shown in
Table D.1 in the appendix. Although not expected due to different contributing processes,
this cross section scaling factor is similar to 1.32 extracted in the fiducial inclusive WZ phase
space based on Mcfm.
The Sherpa WZjj-EW sample cross section derived after the electroweak WZjj selection
is shown in addition in Table 10.2:
σNLOWZjj-EW(Sherpa, sample PS) = 50.3 fb. (10.18)
Compared to the results calculated with Sherpa, this corresponds to a scaling factor of 1.35
(see Table D.1 in the appendix). This scaling factor is applied for all analyses in this work.
Especially, it is adopted for the inclusive WZ measurement. The main reason are WZ(V → jj)
diagrams that are not implemented in Vbfnlo. Significant contributions from these diagrams
are expected without a hard cut on the invariant mass of the tagging jets and a realistic
estimation of scaling factors is not possible. Another reason is the small contribution of the
electroweak WZjj process after the inclusive WZ selection of just 1.4% (see Table 7.1). The
differences between the cross sections of positively and negatively charged final states shown
in Table 10.2 is discussed in detail in Section 12.7.
Table 10.2: Estimation of next-to-leading order cross section for WZjj-EW and
WZjj-QCD Sherpa samples in the Sherpa sample phase space. The method is based
on the next-to-leading order cross sections calculated by Vbfnlo 2.7.0 in the electroweak
WZjj fiducial phase space and the selected event yields of the Sherpa datasets.
process WZjj-EW WZjj-QCD
σLO(Vbfnlo, fiducial PS, e+e−µ+) / ab 87.4 209.9
σLO(Vbfnlo, fiducial PS, e+e−µ−) / ab 44.2 108.2
σNLO(Vbfnlo, fiducial PS, e+e−µ+) / ab 84.8 266.4
σNLO(Vbfnlo, fiducial PS, e+e−µ−) / ab 43.2 138.3
N(Sherpa, sample PS, `+`−`±) 269 760 1 999 996
N(Sherpa, fiducial PS, e+e−µ±) 685 255
σNLO(Sherpa, sample PS) / fb 50.3 3 174.1
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10.5 Inclusive WZ Cross Section Measurement
The cross section in the inclusive WZ fiducial phase space is measured in all four leptonic
final states independently as well as combined. Results are presented in Table 10.3. The
statistical and the systematic uncertainties are shown separately. Pure statistical uncertainties
are derived by fixing the nuisance parameters to their corresponding best-fit values. Systematic
uncertainties are derived by quadratically subtracting the statistical uncertainties from the
total uncertainties. This is allowed since both sources of uncertainties are uncorrelated. The
results are dominated by the systematic uncertainties of about 10%. The statistical uncertainty
of the combined result is just about 3%. No deviation is observed compared to the expectation
from the Standard Model based on Mcfm calculated in Section 10.3.
Table 10.3: Measured fiducial cross sections of the inclusive WZ production with leptoni-
cally decaying gauge bosons. The results are shown for each leptonic final state separately.
The combination is based on the full likelihood function shown in Equation 10.8. The ex-
pectation from the Standard Model theory calculation is derived in Section 10.3 based
on Mcfm. Measured and expected event yields are shown in Table 7.1 combined for all
final states and separated into channels in Appendix F.2.4.
final state fiducial cross section / fb
e+e−e± 130.1 +8.4−8.0 (stat.) +14.1−12.0 (syst.)
e+e−µ± 128.9 +6.9−6.6 (stat.) +12.6−10.4 (syst.)
µ+µ−e± 122.4 +7.0−6.8 (stat.) +12.9−11.2 (syst.)
µ+µ−µ± 133.2 +6.2−6.0 (stat.) +12.8−10.8 (syst.)
measurement 129.7 +3.5−3.4 (stat.) +12.4−10.7 (syst.)
expectation 122.9 +8.1−8.4 (syst.)
10.6 Discovery Significance for Electroweak WZjj
A detailed optimization for a measurement of WZjj-EW is performed and presented in Sec-
tion 7.15. One main outcome is the large discrimination power against background of a cut
on the invariant mass of the tagging jets, M(j1j2). As this analysis is optimized towards
cross section measurements, a consequence is a non optimal selection in terms of discovery
significance extraction.
Based on these statements, the discovery significance is calculated for four different cuts on
M(j1j2). Several additional discriminating variables are checked but only small improvements
are observed. As a result, no additional changes are applied to the selection criteria, the
background estimations or the extractions of the systematic uncertainties.
Results for the extraction of the discovery significances are summarized in Table 10.4. In the
first two rows, the numbers for the total expected signal, WZjj-EW, and the background events
are shown. They are scaled to the integrated luminosity 20.3 fb−1 of the analyzed ATLAS
data. Statistical (first value) and total systematic (second value) uncertainties are shown next
to the central value. In this summary, all uncertainties are assumed to be uncorrelated and are
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Table 10.4: Discovery significance for WZjj-EW . The first rows show the expected signal
and background yield with its statistical and systematic uncertainties after the electroweak
WZjj selection with four different cuts on the invariant mass of the tagging jets, M (j1 j2 ).
Three figures-of-merit for discovery significance are shown in the central rows. They
are covered and explained in the main text. The bottom rows show the p value and the
resulting discovery significance calculated based on the profile likelihood ratio test statistics
introduced in Equation 10.9. Results obtained with the asymptotic formulas based on
Wilks’ theorem are compared to the significance derived from prototype (toy) events.
M(j1j2) cut value / GeV 500 800 1200 1500
SM signal S 8.5± 0.2 +1.0−1.5 5.0± 0.2 +0.6−0.9 2.5± 0.1 +0.3−0.4 1.5± 0.1 +0.2−0.3
SM background B 34.0± 1.2 +5.5−4.6 9.6± 0.6 +1.8−2.0 2.2± 0.3 +0.5−0.4 0.8± 0.2 +0.3−0.2
Zd 1.06 1.37 1.58 1.60
S/
√
B 1.46 1.62 1.67 1.70
Poissonian 1.44 1.80 1.94 1.70
CLb (asymptotic) 0.177 0.110 0.098 0.101
significance (asymptotic) 0.93 1.23 1.29 1.28
significance (toys) 0.92± 0.03 1.28± 0.03 1.47± 0.03 1.48± 0.03
added in quadrature while the correlations are preserved for the final significance estimation.
Background due to fake leptons is derived from the ATLAS data and resulting uncertainties
are included in the quoted systematic uncertainties. A hard cut on M(j1j2) > 1.5 TeV results
in a low total expected event yield of just about two events.
The following figure of merit for the discovery significance, introduced in Equation 7.8, is
quoted:
Zd =
S√
B + (∆B)2syst.
. (10.19)
For comparison results without systematic uncertainties on the background expectation are
shown: S/
√
B. This is compared to the equivalent Gaussian significance of a p value that
is extracted from a Poisson distribution that is calculated at the total expected event yield
(“Poissonian”). The expected number of background events is used as the expectation value
and the expected total event yield S+B is rounded to the closest integer3. Large effects of the
systematic uncertainties are observed. Poissonian significances are well described by the figure
of merit S/
√
B. Differences might well be a result of the inevitable rounding when calculating
Poissonian significances.
Exact significances obtained with hypothesis testing based on the profile likelihood ratio
test statistic shown in Equation 10.9 are shown in the lower rows of the table. The p value of
the background-only hypothesis, CLb, is derived with asymptotic equations based on Wilks’
theorem [251]. The significance is calculated from this value using a normal standard Gaussian
distribution centered around zero with a unit width.
3The following Python code based on ROOT [253] visualizes the calculation and is used in this work:
p=1-ROOT.Math.poisson cdf(int(round(S+B)),B)
poissonian=ROOT.Math.normal quantile(1-p,1).
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To test the asymptotic equations, 10 000 prototype (toys) events are generated and the
full probability distributions are derived. The extracted significance values are shown in the
bottom line of Table 10.4. They are found to be compatible with the results derived with
the asymptotic equation but differ for tighter cuts on the invariant tagging jet mass. This
is supposed to be a result of a low expected event yield. Lower significances are observed
compared to the values obtained with the figure of merit Zd. One reason is the assumption of
negligible background uncertainty correlations used in the calculation of Zd. Correlations are
supposed to increase the background uncertainty and decrease the significance.
The optimal cut on M(j1j2) when optimizing for discovery cannot be extracted from the
results presented in the table. A maximum value of the exact significance is found for
M(j1j2) > 1400 GeV in a more detailed study with a step size of 100 GeV in M(j1j2). The
maximum value is well below two standard deviations and no sensitivity to evidence of elec-
troweak WZjj production can be claimed based on the analyzed ATLAS dataset.
10.7 WZjj-EW Cross Section Measurement
The cross section measurements of the WZjj-EW production in the fiducial electroweak WZjj
phase space (defined in Section 7.1.2) are summarized in Table 10.5.
The expected signal (S) and the Standard Model background (B) event yields with combined
statistical and systematic uncertainties and the observed events in ATLAS data are shown
for each channel. A detailed diversification is given in Appendix F.3.2. The fake lepton
background is derived from ATLAS data and all other sources of background are extracted
from simulations. Scale factors for WZjj-QCD as derived in Section 10.4 are applied.
In the electroweak WZjj fiducial phase space with a cut of M(j1j2) > 500 GeV, a combined
fiducial cross section is measured based on the full likelihood function introduced in Equa-
tion 10.8. No significant deviation from the expected Standard Model theory cross section
shown in Equation 10.14 is observed:
σobservedWZjj-EW(fiducial,M(j1j2) > 500 GeV) =
(
0.69 +0.48−0.44 (stat.) +0.71−0.59 (syst.)
)
fb (10.20)
σtheoryWZjj-EW(fiducial,M(j1j2) > 500 GeV) =
(
0.51 +0.05−0.09 (syst.)
)
fb. (10.21)
Measured cross sections for the different final states are presented in Table 10.5 with a central
value and the uncertainties split up into statistical and systematic components. In the e+e−µ±
final state the Standard Model background yield is larger than the observed number of data
events. As a result, a negative cross section is measured. This effect is expected to be a result
of a statistical fluctuation.
The same method is applied to the measurement of the fiducial cross section after increasing
the cut value on the invariant mass of the tagging jets to M(j1j2) > 800 GeV. Fake lepton
background derived from ATLAS data and the systematic uncertainties are recalculated based
on the adapted cut value. The theory fiducial cross section calculations at next-to-leading
order with Vbfnlo are repeated. Systematic uncertainties on the theory calculation are not
adapted but are assumed to be independent of the cut on M(j1j2) and are adopted from the
fiducial electroweak WZjj estimations shown in Table 9.3.
σobservedWZjj-EW(fiducial,M(j1j2) > 800 GeV) =
(
0.63 +0.32−0.28 (stat.) +0.41−0.24 (syst.)
)
fb (10.22)
σtheoryWZjj-EW(fiducial,M(j1j2) > 800 GeV) =
(
0.31 +0.03−0.05 (syst.)
)
fb. (10.23)
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Table 10.5: Cross sections of the WZjj-EW production with leptonically decay-
ing gauge bosons in the fiducial electroweak WZjj phase space including a cut of
M (j1 j2 ) > 500 GeV . This process includes electroweak gauge boson scattering as the
main topic of this work. The results are shown for each leptonic final state separately
and combined. Final cross section combination is based on the full likelihood function
shown in Equation 10.8. The expectation from Standard Model theory calculations is
derived in Section 10.3. Expected background yields and the observed events in ATLAS
data are shown for each final state channel separately. Additional details are shown in
Table 7.3 combined for all final states and separated into channels in Appendix F.3.2.
final state cross section / fb S B data
e+e−e± 2.50 +1.36−1.14 (stat.) +1.16−0.73 (syst.) 1.7 +0.2−0.3 6.5 +1.2−1.0 14
e+e−µ± −0.36 +0.74−0.57 (stat.) +0.44−0.42 (syst.) 1.9 +0.2−0.4 7.3 +1.3−1.1 6
µ+µ−e± 1.09 +1.12−0.93 (stat.) +0.97−0.74 (syst.) 2.0 +0.3−0.4 9.1 +1.8−1.6 13
µ+µ−µ± 0.27 +0.89−0.73 (stat.) +0.69−0.61 (syst.) 2.8 +0.4−0.5 10.8 +1.9−1.7 12
measurement / fb 0.69 +0.48−0.44 (stat.) +0.71−0.59 (syst.) 8.5 +1.0−1.5 34.0 +5.7−4.8 45
expectation / fb 0.51 +0.05−0.09 (syst.)
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11 Differential Cross Section
Measurements
In order to compare the outcome of a measurement to theoretical models and between different
experiments, the total and the differential cross sections are corrected for detector effects like
a finite resolution and a limited acceptance.
For the cross section calculations these effects are parameterized in the signal efficiency
between the fiducial phase space and the selection on the reconstructed objects after the
detector simulation. In contrast, all differential distributions suffer from bin migrations and
a simple mapping of the efficiency to each bin should be avoided in order to reduce the
dependence on the modeling by the simulations. Various methods to include these effects
are collected under the keyword unfolding.
This chapter introduces the concepts of unfolding. Differential cross section measurements
are unfolded to the particle level defined by the fiducial inclusive WZ or the electroweak WZjj
selection introduced in Section 7.1. The results correspond to the estimated spectra that would
be measured with an ideal detector and with infinite event statistics. It is compared to the
Standard Model expectations derived with the Sherpa event generator.
11.1 Introduction to Unfolding
Simulated events are employed to construct a mapping between the value of a kinematic
variable at the generator level and after including detector simulation, the reconstruction as
well as pile-up effects. This map, usually referred to as the response matrix Aij , parameterizes
the migration from a bin tj of the generated distribution to a bin di of the detector level
distribution:
di = Aijtj . (11.1)
The main task is to invert this equation in order to translate a measured distribution back to
the generator level:
ti = A−1ij dj . (11.2)
The distributions of the observables at the detector level are distorted due to various ex-
perimental uncertainties. As a result, a simple algebraic inversion is not possible. Different
algorithms have been developed to extract the inverted mapping based on different statistical
procedures [254].
All results presented in this work are based on an iterative bayesian unfolding [255]. Bayes’
theorem is employed to invert the response matrix in an iterative procedure [256]. The number
of iterations is used for regularizing the process. It is the only free parameter introduced with
this method and is usually tuned according to the corresponding distribution, the statistical
and the systematic uncertainties. The results presented in this work are based on four it-
erations. “In practice, the results are fairly insensitive to the precise setting used and four
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iterations are usually sufficient.” [257]. This statement is checked by performing the full un-
folding procedure with exactly one additional iteration or with exactly one iteration less. The
results are small changes well covered by the final uncertainties for all distributions that are
checked.
11.2 Implementation of Unfolding
observed distribution based on ATLAS data
observed bare signal distribution
observed signal distribution
unfolded signal distribution
generator level distribution
background subtraction
fiducial corrections Fi
response matrix inversion
efficiency corrections Ei
Figure 11.1: Flowchart of the unfolding process as applied in this work, including the
full chain of supporting transformations.
Figure 11.1 shows a flowchart of the different steps applied during the unfolding procedure.
The expected background estimated from the ATLAS data or from simulations is subtracted
from the observed distribution. In the next step, fiducial factors Fi for each bin i of the
distribution are applied to correct for a limited acceptance. They are calculated based on
simulated signal events and the following equation:
Fi =
∑
j∈iwdetectorj × δgeneratorj∑
j∈iwdetectorj
. (11.3)
The sums are taken over all events j in the bin i of the detector level distribution. The weight of
an event j after the detector simulation, wdetectorj , includes weights from the event generation
as well as scale factors (pile-up, efficiencies) applied to the simulated events to correct for
differences to the observed ATLAS data (see Chapter 7). It is set to zero if the event is not
passing the analysis selection. A factor δfiducialj is defined as one if the event falls in the fiducial
region at the generator level (see Section 7.1 for its definition) and zero otherwise.
The next step marks the core process of the unfolding procedure: An iterative bayesian
unfolding method [255, 256] is applied to invert the response matrix constructed based on
simulated events. After application of the method, the unfolded signal distribution is produced,
describing the observed data corrected for detector, reconstruction and pile-up effects.
Finally, to account for imperfect efficiencies, bin-by-bin efficiency reconstruction factors Ei
are multiplied. They are calculated from the event weights at the detector level, wdetectorj , and
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generator level weights, wgeneratorj , including the event weights from the event generator and
the pile-up correction scale factors introduced in Section 7.3:
Ei =
∑
j∈iw
generator
j × δgeneratorj∑
j∈iwdetectorj × δgeneratorj
. (11.4)
A framework wrapped around RooUnfold [253, 257], validated against an independent
framework developed for the inclusive WZ ATLAS analysis [218], is employed.
Statistical uncertainties are included via toy experiments. This refers to smearing each
bin of the input distribution N times based on the probability density functions mentioned
below. The whole unfolding chain covered in this section is repeated for each toy fluctuation
separately resulting in a nominal value x and N fluctuated unfolded values xi. Finally, the root-
mean-squared value of all fluctuated values from the nominal value is quoted as the statistical
uncertainty:
∆xfiducialstat. =
√√√√ 1
N
N∑
i=1
(xi − x)2. (11.5)
The whole approach is applied three times: Statistical uncertainties of the ATLAS data are
derived based on N = 2 000 Poisson fluctuations. The statistical uncertainties due to the
subtraction of backgrounds are derived by random Gaussian fluctuations with N = 10 000 and
a width equal to the statistical uncertainty of the total number of background events. Finally,
each bin of the response matrix is fluctuated N = 2 000 times based on a Gaussian distribution
with a width of the statistical uncertainty of the signal in this bin. The full unfolding chain
is repeated based on the varied matrix and the derived uncertainty is quoted as the statistical
uncertainty of the simulated signal.
Systematic uncertainties of the signal and the background are included by executing the
unfolding procedure based on systematically varied input distributions. The maximum dif-
ference from the nominal result is quoted as the systematic uncertainty for each systematic
component separately. Total systematic uncertainties are calculated as the quadratic sum of
all components by assuming no correlations.
11.3 Unfolded Distributions after Inclusive WZ Selection
In this section, the unfolded differential distributions obtained after the inclusive WZ selection
(introduced in Section 7.14 and summarized in Appendix F.1) are presented. The selection
at generator level is based on the fiducial inclusive WZ phase space selection (defined in
Section 7.1).
The unfolded invariant mass distribution of the WZ pair is shown on the left-hand side of
Figure 11.2. The experimentally unaccessible longitudinal component of the neutrino momen-
tum is calculated based on the W boson mass constraint as introduced in Section 7.14. In
the plot on the right-hand side, the transverse momentum of the Z boson candidate is shown.
Bayesian unfolding with four iterations is employed. All shapes are independently normal-
ized to a unit area. These variables are sensitive to physics beyond the SM as predicted for
the WZ final state and are particularly interesting for theorists to test new models. Many
models predict deviations at high invariant masses or at large transverse momenta [218]. No
significant deviations of the unfolded ATLAS data from the SM expectations estimated with
PowHeg+Pythia or Sherpa are observed in these regions.
131
11 Diﬀerential Cross Section Measurements
>*H9@:=0
  
'
DW
D
0
&




ILG :
=
σ
ILG :
=
σΔ





,QWHUQDO$7/$6
 7H9V'DWD
/GW IE∫
0RQWH&DUOR3RZKHJ3\WKLD
'DWD
7RWDO8QFHUWDLQW\
*H9=
7
S
     

7K
HR
U\
'
DW
D




:
=
ILG
σ
:
=
ILG
σΔ






7KHRU\6KHUSD
'DWD$7/$6
8QFHUWDLQW\
 7H9VIE
Figure 11.2: Unfolded distributions of the invariant WZ pair mass (left, [218]) and the
transverse momentum of the Z boson (right). The unfolding of the ATLAS data is based
on an iterative bayesian unfolding with four iterations. All distributions are independently
normalized to a unit area.
Figure 11.3 shows the unfolded exclusive jet multiplicity distribution based on the full AT-
LAS dataset recorded in 2012. Bayesian unfolding with four iterations is employed. Expected
results from Sherpa simulation and the unfolded ATLAS data distribution are independently
normalized to a unit area. The unfolded distribution agrees with the expectation from Sherpa
simulation within the uncertainties.
The response matrix is shown on the left in the middle row of the ﬁgure. Large bin migra-
tions, increasing with the jet multiplicity, are observed. In the bin with exactly two selected
jets at the detector level, 23% of the events exhibit just one jet at the generator level. This
contribution increases up to about 30% for higher jet multiplicities and decreases to about 5%
after introducing a tight dijet invariant mass cut as for the electroweak WZjj selection (see
Table 9.2). This can mainly be explained by pile-up eﬀects not included after the generator
level simulation. Missing of jets happens rarely. In about 5% of the events the number of jets
decreases by one at the detector level compared to the generator level.
The mentioned eﬀects are one dimensionally parameterized in the purity distribution on the
right-hand side. The purity in a bin of the detector level distribution is deﬁned as the relative
number of reconstructed events without migrations in this bin. It is identical to the diagonal
values of the response matrix. A low observed purity of down to about 50% satisﬁes the use of
advanced unfolding methods as in this work compared to simple bin-by-bin correction factors
that are, among other problems, not fully dealing with bin correlations [256, 258] but have
been heavily used in past ATLAS analyses.
Presented plots in the bottom row of Figure 11.3 show the relative uncertainty per detector
level bin, split up into the statistical, the systematic and the background uncertainty, as well as
the combined total uncertainty. The combination of the uncertainties is based on a quadratic
summation because all three components are uncorrelated. Each bin is dominated by the
signal uncertainties, of which the systematic uncertainties are the larger ones. Systematic and
statistical uncertainties of the background have a minor contribution to the total uncertainty.
On the right-hand side, the signal eﬃciency is shown. It is calculated as the inverse of
the eﬃciency reconstruction factors Ei deﬁned in Equation 11.4. Increasing eﬃciencies for an
increasing jet multiplicity are observed and are discussed in Section 10.2 in more detail.
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Figure 11.3: Unfolded exclusive jet multiplicity distribution after the inclusive WZ selec-
tion. Bayesian unfolding with four iterations is applied. Sherpa simulations and unfolded
ATLAS data distributions are independently normalized to a unit area. Details are given
in the lower ﬁgures: In the middle row, the response matrix (left) and the purity (right)
are shown. The bottom row shows the uncertainty composition of the unfolded distribution
(left) and the signal eﬃciency (right).
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11.4 Unfolded Distributions Connected to Electroweak Gauge
Boson Scattering
Unfolded WZjj distributions are presented in this section. They can be grouped according to
their dependence on the gauge boson system or the accompanying jets. While jet distributions
are motivated by the signal selection procedure based on the tagging jets, they do not provide
direct access to the scattering of the gauge bosons and the involved physics. On the other
hand, the distributions of the final state leptons and the parent gauge bosons provide this
information and are more interesting from the physics point of view since physics beyond the
SM might be emerge here.
Results obtained after the WZjj selection are dominated by the WZjj-QCD production.
The regions at high dijet invariant mass or for large jet rapidity separation are dominated
by WZjj-EW including the electroweak gauge boson scattering processes (see Section 3.3
and 7.15). Both kinematic jet distributions are measured after the inclusive WZ selection based
on the ATLAS data, are unfolded to the particle level and are compared to the SM expectations
obtained by Sherpa simulations. The distributions of the WZ system are extracted after a
requirement of at least two selected jets, after the inclusive WZ as well as after the electroweak
WZjj selection including a cut on M(j1j2) > 500 GeV. The latter results are particular
interesting for testing extended models of the electroweak gauge boson scattering like non-SM
electroweak symmetry breaking.
The unfolded invariant mass and rapidity difference distributions after the inclusive WZ
selection and a requirement of at least two jets are shown in Figure 11.4. Presented results
are compared to the SM expectations obtained from Sherpa simulations. All distributions
are independently normalized to a unit area. The signal is defined as the combined strong
and electroweak WZjj production, while all other processes covered in Chapter 8 are classi-
fied as background. The interference between WZjj-EW and WZjj-QCD is expected to be
negligible 5.3.5 and is not considered in the expected distributions. Fake lepton background
is derived from the ATLAS data. A bayesian unfolding with four iterations is employed. No
significant differences between the unfolded ATLAS data and the expectations from the SM
derived with Sherpa are observed. In about 10% to 15% of the events, a migration to the
next larger bin in the invariant mass distribution is observed at the detector level compared to
the particle level. Maximum migrations of 21% are observed for the bin including events with
300 GeV < M(j1j2) < 500 GeV. For larger dijet invariant masses, the migrations are reduced.
This is supposed to be an effect of less jets selected from pile-up interactions but might also
be connected to a statistical fluctuation due to a limited number of events in the simulation in
this region (statistical uncertainty of 2% for WZjj-EW and 7% for WZjj-QCD, see Table F.3
in the appendix).
Unfolded distributions connected to the WZ system after the WZjj selection are shown in
Figure 11.5. In the top row, the invariant mass of the WZ pair is shown. The azimuthal
angle difference between the W and the Z boson candidates is shown in the bottom row. The
experimentally unaccessible longitudinal component of the neutrino momentum is calculated
based on a W boson mass constraint as covered in detail in Section 7.14.
Distributions on the left-hand side are obtained after the inclusive WZ selection extended
by a requirement of at least two jets. The results in the right column are obtained after the
electroweak WZjj selection including a cut of M(j1j2) > 500 GeV. The signal is defined as
the combined electroweak and strong WZjj production. Fake lepton background is derived
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Figure 11.4: Unfolded invariant mass and rapidity separation of the tagging jets after the
WZjj selection. The corresponding response matrices are shown on the right-hand side.
Bayesian unfolding with four iterations is employed and all distributions are independently
normalized to a unit area. Signal is deﬁned as the combined electroweak and strong WZjj
production.
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Figure 11.5: Unfolded distributions of the invariant mass and the azimuthal angle dif-
ference for the W and Z boson candidates. In the left column, the results are shown after
the inclusive WZ selection and an additional requirement of at least two jets. On the
right-hand side, the results are shown after the electroweak WZjj selection including a
cut on the dijet invariant mass of M (j1 j2 ) > 500 GeV . The signal is deﬁned as the com-
bined electroweak and strong WZjj production. Fake lepton background is derived from
ATLAS data. Bayesian unfolding with four iterations is employed and all distributions
are independently normalized to a unit area.
from ATLAS data. Bayesian unfolding with four iterations is employed and all distributions
are normalized to a unit area.
No deviations from Sherpa SM expectations are observed. Anomalous quartic electroweak
gauge couplings parameterizing physics beyond the SM in the electroweak gauge boson scatter-
ing processes are expected to modify these distributions (see Section 12.9). Presented results
can be used for testing extended models of electroweak gauge boson scattering. This pur-
pose is limited by the large uncertainties of the unfolded distributions of about 50% after the
electroweak WZjj selection.
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12 Constraints on Anomalous Quartic
Electroweak Gauge Couplings
Physics beyond the Standard Model affecting electroweak gauge boson scattering is intro-
duced and parameterized by various models [33, 34]. This work focuses on anomalous quartic
electroweak gauge couplings described by an effective field theory ansatz covered in Section 4.
The fiducial cross section measurement of WZjj-EW production based on 20.3 fb−1 of
LHC proton-proton collision data at a center-of-mass energy of
√
s = 8 TeV and recorded
by the ATLAS detector shows no significant excess compared to the expectation from the
Standard Model physics (see Section 10.7). As a consequence, constraints on anomalous quartic
electroweak gauge couplings are set.
Simulated events with anomalous quartic electroweak gauge couplings are produced by the
event generator Vbfnlo [55,93] at leading order of the perturbation theory and are showered
with Pythia [241, 259]. A form factor method is applied to ensure unitarity. Constraints on
the parameters of all independent operators with dimension eight accessible in the WZjj final
state are derived. The impact of the anomalous couplings on the cross section ratio of W+Zjj
to W−Zjj is studied.
12.1 Fiducial Cross Sections
All events with anomalous quartic electroweak gauge couplings (aQGCs) are generated based
on the identical phase space cuts. A loose phase space definition compared to the electroweak
WZjj fiducial phase space introduced in Section 7.1.2 is selected in order to cover all effects
of the parton showering and the QED radiations. The final state leptons are required to fulfill
pT > 10 GeV and M(`+`−) > 0.1 GeV. Final state jets are selected based on an anti-kT
algorithm with a distance measure R = 0.4 and have to pass pT > 10 GeV and N(j) ≥ 2.
Renormalization and factorization scales are calculated from the momentum transfer between
the initial and final state quarks which is found to reproduce next-to-leading order distri-
butions at leading order better compared to other choices [85]. The CT10 PDF set and the
GF electroweak scheme are used (see Section 2.5). 50 000 events per aQGC point are generated
with Vbfnlo 2.7.0 at leading-order in the perturbation theory. Parton showering and QED
radiation are performed with Pythia 8. The produced events are processed with Rivet [94]
to reject events failing the definition of the electroweak WZjj fiducial phase space (see Sec-
tion 7.1.2). No optimization for most tight constraints on the aQGC parameters is performed
in this work as a result of missing simulated datasets not finished in time1. Cross sections
presented here are scaled from the phase space used for generating the events to the fiducial
electroweak WZjj phase space based on the cut acceptance.
Fiducial cross sections in the fS,0-fS,1 space are shown in Figure 12.1 without additional
unitarization (left) and after applying the form factor unitarization method with a constant
1An optimization is currently performed based on the framework developed in this work. It will be published
as a diploma thesis [126].
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Figure 12.1: Cross sections of the fS ,0 -fS ,1 aQGC parameter after the electroweak WZjj
ﬁducial phase space selection. Parton showering eﬀects and QED radiation are taken into
account. The left plot is obtained without applying any unitarization while the right plot
shows the results after applying form factors with a constant scale of ΛFF = 0 .8 TeV and
an exponent of n = 4 . The scale of new physics Λ appears as a cubic quotient to the
aQGC parameter. One-dimensional distributions with the corresponding other parameter
set to zero are presented in Figure I.3 and I.4 in the appendix.
scale of ΛFF = 0.8 TeV and an exponent of n = 4 (right, form factor unitarization is introduced
in Section 4.3.3). Although a form factor is applied on the right-hand side, not all points belong
to unitarized processes, as described in detail in Section 4.
The results include eﬀects of the parton showering and the QED radiation. Tau leptons
produced in the hard interaction are not generated. Their eﬀects are parameterized in the
reconstruction eﬃciency as explained in detail in Section 10.2. Values of the same ﬁducial
cross section are forming ellipses. The slope of the major axes is derived by ﬁtting the ellipses
belonging to diﬀerent contours and is found to be compatible with −1.5. This is in agreement
with what is shown in [260], Figure 4.3.
Maximal form factors resulting in unitarized processes are derived for each aQGC param-
eter point using the prescription introduced in Section 4.3.3. The corresponding form factor
scale ΛFF is shown in Figure 12.2 for the fS,0 and fS,1 parameter and an exponent of n = 4.
Large values with a slope of -1/2 can be explained by cancellations for fS,1 = −1/2 fS,0. This
can be extracted from Equation 63b) of [34] by applying the relation from Equation 4.16 in
this work. As a result of the cancellations, a form factor closer to one is suﬃcient to ensure
unitarity. When comparing to the form factor in Equation (4.24), the direct consequence is a
larger form factor scale for aQGC parameters close to the cancellation line.
The scale of the unitarizing form factor is larger than 0.5 TeV in the rough region of sen-
sitivity. This value is well beyond the peak of the observed M(WZ) distribution shown in
Figure 7.9 and just aﬀects the tail of this distribution.
Fiducial cross sections of unitarized processes are shown on the right-hand side of Figure 12.2.
Although all the form factor scales below the maximal value would be allowed to result in
unitary cross sections, the maximum form factor scale is picked for all results presented in
this work in order to create a minimal inﬂuence of the unitarization prescription. The dipole
shape of the cross section is a result of the interplay between the linear shape of the maximal
form factor scales (Figure 12.2, left) and the elliptical shape of the ununitarized cross sections
(Figure 12.1, left).
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Figure 12.2: Left: Maximal form factor scale ΛFF resulting in unitary processes when
applying the corresponding form factor. The largest possible scale is picked for the pre-
sented analysis in order to result in a minimal inﬂuence of the unitarization. Right: Cross
section in the electroweak WZjj ﬁducial phase space of unitarized processes using the form
factor unitarization based on the from factor scale presented on the left-hand side. Parton
showering and QED radiation eﬀects are taken into account. The scale of new physics Λ
appears as a cubic quotient to the aQGC parameter.
Equivalently, Figure 12.3 shows the cross section in the electroweak WZjj ﬁducial phase
space and the corresponding form factor scale for one additional parameter of operator-
dimension eight. The remaining parameters are covered in Appendix I. In the one-dimensional
case the ﬁducial cross sections are ﬁtted based on cubic polynomial equations. The aQGC
parameters less than zero and the parameters above zero are ﬁtted independently in order to
account for interference eﬀects and the resulting asymmetry. The SM point at zero is included
into both ﬁts.
12.2 Deﬁnition and Evaluation of the Test Statistic
Constraints on anomalous quartic electroweak gauge coupling parameters are derived based
on the following likelihood function:
L(α,θ) =
∏
c ∈ ﬁnal state
Pois
(
nobsc |sc(α,θ) + bc(θ)
) ∏
j ∈ {syst.}
Gauss(θ0j |θj , 1). (12.1)
The result is a function of the anomalous quartic electroweak gauge coupling parameter vec-
tor α, in this work limited to one or two independent components, and the vector of all
nuisance parameters θ for modeling the systematic uncertainties.
For each ﬁnal state channel c ∈ {e+e−e±, e+e−μ±, μ+μ−e±, μ+μ−μ±} Poisson probabilities
are multiplied,
Pois
(
nobsc |sc(α,θ) + bc(θ)
)
=
(sc(α,θ) + bc(θ))
nobsc
nobsc !
e−(sc(α,θ)+bc(θ)), (12.2)
where nobsc represents the observed number of events in the channel c and bc is the expected
number of background events in this channel. The expected number of signal events sc is
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Figure 12.3: Cross sections in the electroweak WZjj ﬁducial phase space σfid for unita-
rized processes as a function of the aQGC parameter fM ,7 . All other anomalous coupling
parameters are set to zero. The dynamically calculated form factor scale ΛFF is attached
to each point. If no value is displayed, no form factor is applied due to the process fulﬁll-
ing unitarity requirements without unitarization. The scale of new physics Λ appears as
a cubic quotient to the aQGC parameter.
evaluated based on the following equation:
sc(α,θ) = σﬁd(α) × L × Br × c(α = 0,θ). (12.3)
Here, σﬁd denotes the cross section of the WZjj-EW process in the electroweak WZjj ﬁducial
phase space with electrons and muons in the ﬁnal state. σﬁd(0) represents the SM cross section
of the WZjj-EW process. Selected events from tau lepton decays are taken into account in the
signal eﬃciency c. It is deﬁned as the number of reconstructed events after the electroweak
WZjj selection divided by the number of generator-level events in the electroweak WZjj
ﬁducial phase space for each channel c. Due to computing limitations, events with ATLAS
detector simulation are not fully completed. As a consequence, the eﬃciency is assumed to be
independent on the aQGC parameters α and is adopted from the SM calculations presented
in Chapter 10: c(α = 0,θ. An additional conservative uncertainty of 35% has been assigned
to the eﬃciency based on studies in the W±W±jj ﬁnal state [22]. Signal eﬃciency studies
are ongoing based on the framework developed in this work and will be published in [126].
L = 20.3 fb−1 is the integrated luminosity of the 2012 dataset and Br = 0.25 represents the
theoretical branching ratio for each ﬁnal state channel.
Gaussian distributions are used for modeling the nuisance parameters:
Gauss(θ0j |θj , 1) =
1√
2π
e−
1
2(θ0j −θj)
2
. (12.4)
They are centered around the true nuisance parameter and have a unit width. Each nuisance
parameter θj is constrained by the nominal measurement and by variations (one sigma up and
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one sigma down) at the source of the systematic uncertainty j represented by different values
of θ0j . Additional details are covered in Section 10.1.
The following profile likelihood ratio [69] test statistic t(α) is used for deriving constraints
on the anomalous quartic electroweak gauge coupling parameters α:
t(α) = −2 lnL(α,
ˆˆ
θ)
L(αˆ, θˆ) . (12.5)
Each dependence on the nuisance parameters is removed. The hat notation in the denominator
denotes an unconditional maximum likelihood estimator. In other words, the value of the
likelihood at the global maximum appears in the denominator. A double-hat notation in
the numerator represents the values of θ that maximize the likelihood for a given set of α.
Technically, the term represents the maximum of the likelihood function estimated for each
set of α separately.
Fiducial cross sections σfid and efficiencies c are not known as analytical functions of the
aQGC parameters α. For this reason, Equation 12.5 is evaluated in terms of the fiducial cross
sections rather than directly for the aQGC parameters:
t(α) = −2 lnL(σfid(α),
ˆˆ
θ)
L(σˆfid, θˆ)
. (12.6)
To solve this equation for each point in the parameter space of α, the cross sections (and
also the efficiencies if they would not be assumed to be constant) are interpolated between
generated points using the Delaunay interpolation [261]. Results are shown in Section 12.1.
The best-fit fiducial cross section σˆfid is restricted to values larger than the fiducial cross section
of the Standard Model production, corresponding to a measurement of α:
σˆfid ≥ σfid(0) = σWZjj-EWfid . (12.7)
The confidence region is constructed in the aQGC parameter space to cover the WZjj-EW
production in nature with a probability defined by the confidence level (CL) of a hypothetical
set of repeated experiments. Results are quoted for CL = 68.3% and CL = 95.4%2.
Asymptotic formulas based on Wilks’ theorem [251] are employed here. It states that for
N parameters of interest the test statistic asymptotically follows a chi-square distribution with
N degrees of freedom. The validity is checked in Section 10.6 in the context of the cross section
measurement and is assumed to be fulfilled for the cases considered here. The quantile of a
chi-squared distribution with one degree of freedom for these confidence level values correspond
to the border of the desired confidence region:
CL = 95.4%→ χ2 = 4 (12.8)
CL = 68.3%→ χ2 = 1. (12.9)
2These values correspond to the n = 1 and the n = 2 sigma two-sided cumulative distribution of a standard
Gaussian. In other words, they describe the probability for a random variable x distributed according to
a Gaussian with mean µ and standard deviation σ to be within the interval x = µ ± nσ. In principle, the
choice of these values is arbitrary but selected values agree with the common practice in high-energy physics.
They also result in integer numbers for a χ2 distribution with one degree of freedom employed to derive final
results as presented below.
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The conﬁdence region can be read oﬀ the ordinate of the test statistics t(α) at the correspond-
ing value χ2. As an example, this is shown for the operator-dimension eight aQGC parameter
fS,0 using form factor unitarization with constant values of ΛFF = 400 GeV and n = 4 in Fig-
ure 12.4. Observed (solid line) and expected (dashed line) conﬁdence intervals are extracted.
The corresponding ﬁducial cross section is shown in Figure I.3 in the appendix. The expected
best-ﬁt value as the minimum of the expected distribution agrees with the SM value fS,0 = 0
per construction while the observed values are slightly oﬀset from zero due to more events
being observed compared to the expectations from the SM (see Table 10.5). For the same
reason, the expected conﬁdence intervals are narrower compared to the observed intervals.
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Figure 12.4: Test statistic t(fS ,0 ) for ATLAS collision data (observed, solid lines) and
simulated (Asimov) data (expected, dashed lines). A form factor with ΛFF = 400 GeV
and n = 4 is applied. The extraction of the conﬁdence regions as described in the main
text is visualized by the red (blue) lines for a 95 .4% (68 .3%) conﬁdence level (CL).
12.3 Constraints on fS,0 and fS,1 Parameters
Results in terms of two-dimensional conﬁdence regions in the fS,0-fS,1 operator-dimension eight
parameter space are presented. Form factors with an exponent of n = 4, dependent on the
invariant mass of the WZ system and the form factor scale ΛFF, are applied. The systematic
uncertainties are propagated to the ﬁnal result and all correlations are taken into account.
Figure 12.5 shows the expected and the observed conﬁdence regions based on WZjj-EW
production and no unitarization (left, corresponds to an inﬁnite form factor scale ΛFF) and
a constant form factor scale of ΛFF = 0.8 TeV (right). Not all measured parameter points
correspond to unitarized processes. The observed constraints on the aQGC parameters are
slightly weaker compared to the expected constraints as a result of observing more ATLAS
data events compared to the yield expected from SM simulation in the electroweak WZjj
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Figure 12.5: Conﬁdence regions for operator-dimension eight aQGC parameters fS ,0 and
fS ,1 . On the left-hand side, no unitarization is applied while on the right-hand side form
factors with a constant scale of ΛFF = 0 .8 TeV and an exponent of n = 4 are employed.
Observed results are shown for 95.4% CL and 68.3% CL and expected regions are presented
for a conﬁdence level of 95.4%. The cross represents the expected value from the SM
corresponding to (fS ,0 , fS ,1 ) = (0 , 0 ) and Λ is the scale of new physics.
phase space. Elliptical shapes with a slope of -1.5 of the major axes are a direct consequence
of an identical behavior in terms of the ﬁducial cross sections presented in Figure 12.1. The
center of the ellipses is close to the SM point (fS,0, fS,1) = (0, 0) but is shifted slightly to
positive aQGC parameters as a result of interference eﬀects between the SM and the aQGC
components [262].
Fully unitarized results are presented in Figure 12.6. In this plot, the form factor scale is
calculated dynamically to result in unitarized processes as described in Section 4.3.3. High
sensitivity along a line with a slope of -1/2 is a consequence of cancellations for fS,0 = −2fS,0,
resulting larger form factor scale and less suppressed ﬁducial cross sections. The generation of
additional aQGC points in a ﬁner grid at the head of each denting are needed to remove cur-
rently present ﬂuctuations as a result of the interpolation and to clearly separate the observed
from the expected contours.
Observed one-dimensional conﬁdence intervals for the fS,0 or fS,1 parameters with the cor-
responding other parameter set to zero are shown in Figure 12.7. The results are extracted
from the electroweak WZjj selection and the ﬁducial cross sections shown in Appendix I. The
inﬂuence of diﬀerent unitarization prescriptions is compared based on form factors with an ex-
ponent of n = 4. A form factor resulting in fully unitarized results (“unitarity (dynamic ΛFF)”)
and form factors with diﬀerent constant form factor scale ΛFF are applied. This is compared
to results without any unitarization. A factor of about 30 is observed between ununitarized
and fully unitarized results. Unitarized results correspond to an eﬀective form factor scale of
below ΛFF = 0.7 TeV. The constraints on fS,0 are tighter compared to the constraints on fS,1
for a ﬁxed ΛFF. The behavior is inverted for conﬁdence intervals of fully unitarized processes
presented in the top row of Figure 12.7. This is the result of the slope of the maximum form
factor scale shown on the left-hand side of Figure 12.2.
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Figure 12.6: Conﬁdence region for operator dimension eight aQGC parameters fS ,0 and
fS ,1 . A form factor as a function of the invariant mass of the WZ pair with an exponent
of n = 4 is applied. The form factor scale ΛFF is calculated at each point to result in
unitarized processes according to the method presented in Section 4.3.3. Observed results
are shown for 95.4% CL and 68.3% CL and the expected regions are presented for a conﬁ-
dence level of 95.4%. The cross represents the expected value from the SM corresponding
to (fS ,0 , fS ,1 ) = (0 , 0 ) and Λ is the scale of new physics.
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Figure 12.7: Conﬁdence intervals for the aQGC parameters fS ,0 and fS ,1 of the operator-
dimension eight with the corresponding other parameter set to zero. Results after a full
unitarization are compared to the results based on form factor unitarization with diﬀerent
constant form factor scales ΛFF and without any unitarization. Λ corresponds to the scale
of new physics.
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12.4 Constraints on fM,i and fT,j Parameters
Expected and observed 95.4% conﬁdence intervals for all operator-dimension eight fM,i and
fT,j aQGC parameters accessible in the WZjj ﬁnal state are summarized in Figure 12.8.
The processes are fully unitarized using an energy-dependent form factor with an exponent
of n = 4 and a dynamic scale ΛFF calculated according to Section 4.3.3. The WZjj ﬁnal
state analysis has good sensitivity to fX,i with (X, i) = (M, 0), (M, 1), (M, 6), (M, 7), (T, 0),
(T, 1) and (T, 2). These parameters correspond to the set of parameters also aﬀecting the
quartic WWWW vertex [105]. The origin of this correspondence is not identiﬁed from the
underlying theory yet. While the parameters fM,i (i = 0, . . . , 3) and fT,0 have been studied by
the CMS collaboration [18,35] in diﬀerent ﬁnal states and without unitarization, the remaining
parameters have not been constrained experimentally before this work.
The electroweak WZjj ﬁducial cross section as a function of fM,7 is shown in Figure 12.3.
Results for all remaining parameters are collected in Appendix I. For each generated aQGC
point, the applied form factor scale is shown next to the point. The form factor scales ΛFF
applied in the measured parameter intervals are larger than 1 TeV for all parameters and
even above 10 TeV for fM,i with i ∈ {0, 1, 2, 3, 6, 7}. This is above the current sensitivity in
M(WZ) shown in Figure 7.13 after the electroweak WZjj and Figure 7.9 after the inclusive
WZ selection. As a result, a small inﬂuence due to the unitarization prescription is expected
in the region of sensitivity.
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Figure 12.8: Expected and observed 95.4% conﬁdence intervals for all fM,i and fT,j
aQGC parameters accessible in the WZjj ﬁnal state. The results are unitarized using
form factors with a dynamic scale ΛFF and an exponent of n = 4 .
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12.5 Interpretation of Anomalous Quartic Electroweak Gauge
Couplings
As covered in detail in Section 4, effective field theories with anomalous quartic electroweak
gauge couplings are introduced to describe the low mass effects of new physics beyond our
current kinematic reach. On the other side, the constraints on anomalous quartic electroweak
gauge couplings can be converted into constraints on additional resonances in the electroweak
gauge boson sector. These resonances can be narrow, describing weakly interacting particles,
or are rather wide up to a continuum as described in strongly interacting models [111].
Based on Equation (1.95) in [111], a connection between the fS,0 parameter and the mass
of a broad resonance with Γ ∝M can be derived:
M4 = 256picR
fS,0/Λ4
. (12.10)
The factors cR are defined in Table 1-31 in the same reference and Λ is the scale of new
physics. Using the observed 95.4% contour derived in this work, the resonance mass and
width is found to be between 340 GeV and 620 GeV depending on the resonance type defined
by different spin and isospin. When comparing to the invariant mass distribution after the
electroweak WZjj selection shown in Figure 7.13, the mass of these resonances is within the
current sensitivity of the data and direct constraints might be possible. The scales of the form
factors applied to ensure unitarized processes are well above this region and small interplay
with this interpretation is expected. On the other side, the derived limits on resonance masses
are highly dependent on the unitarization prescription itself.
The sensitivity of the obtained results on the SM quartic bosonic vertex can be extracted
from the fS,i parameters3. As it is the case for the SM quartic vertex, the operators for these
parameters do not depend on the momenta of the gauge boson. For fS,0 = −fS,1 = f , the
results obtained in this work can be interpreted as a modified SM quartic vertex scaled by a
factor of n [111]:
n = 1 + fΛ4
v4
8 . (12.11)
With f/Λ4 ≈ 0.6×(10 / TeV)4 (extracted from Figure 12.6) the presented WZjj data analysis
is sensitive to rescaled SM WWZZ quartic couplings by a factor n of about four.
12.6 Discriminating Variables
All constraints on anomalous quartic electroweak gauge couplings derived in this work are
based on the electroweak WZjj phase space selection with a cut of M(j1j2) > 500 GeV. No
selection cuts are optimized for best limits on the aQGC parameters4.
Cuts on additional variables are expected to result in additional separation power between
the SM and the anomalous production of WZjj-EW. In the W±W±jj final state, the scalar
sum of the transverse momentum of the final state leptons, the azimuthal angle between the
final state leptons as well as the invariant mass and the rapidity differences of the tagging
3Reference [111], formula in the text below Figure (1.31).
4This ongoing task could not be performed in this work as a result of missing simulated datasets. An opti-
mization is currently ongoing based on the framework developed in this work and will be published as a
diploma thesis [126].
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Figure 12.9: WZjj kinematic distributions for the Standard Model (“SM”) production
as well as ununitarized (“aQGC,nouni”) and fully form factor unitarized (“aQGC,uni”)
processes with anomalous quartic electroweak gauge coupling. All distributions are
normalized to the corresponding leading order cross section, just the azimuthal an-
gle difference ∆ϕ(W ,Z ) is normalized to unity. The aQGC parameter is set to
fS ,0/(10Λ / TeV)4 = 2 , the form factor exponent is n = 4 and the unitarizing form factor
scale is at ΛFF = 516 GeV . All electroweak WZjj fiducial phase space selection cuts are
applied.
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jets are investigated [263]. Additional separation and improved upper limits on α4 and α5
aQGC parameters of up to 50% are observed. Although this optimization is based on some
approximations in terms of the uncertainties and the background estimations, the general
trend is clearly visible.
Distributions of additional variables in the WZjj final state are presented in the Figure 12.9.
SM shapes are compared to the distributions of unitarized and ununitarized processes with
an aQGC parameter value of fS,0/(10Λ / TeV)4 = 2. All distributions are normalized to
the corresponding cross section, just the azimuthal angle difference between the W and the
Z boson is normalized to unit area in order to increase the readability. All electroweak WZjj
fiducial phase space cuts are applied, including a requirement on the invariant mass of the
tagging jets of M(j1j2) > 500 GeV. The distributions are generated at the parton level and
no parton showering is employed.
In the first row, the scalar sum of the transverse momenta of the three electrons and muons
is shown on the left-hand side and the azimuthal angle difference between the W boson and the
Z boson is presented on the right-hand side. Both variables show discrimination power between
the SM and unitarized aQGC parameters. When comparing to distributions for ununitarized
processes, the general trend for aQGC to increase the back-to-back signature between the elec-
troweak gauge bosons is observed. Although the diagrams are not gauge invariantly separable
(see Section 3.2), this signature can be interpreted as an increased contribution of electroweak
gauge boson scattering subprocesses including bosons with large transverse momenta within
the set of WZjj-EW processes. Unitarization highly suppresses this feature, but a residual
difference compared to the SM process remains.
The invariant mass of the final state gauge bosons and the lepton centrality defined according
to Section 3.3.2 is shown in the middle row. An increased production cross section over the
full invariant mass range with a maximum at about 1.5 TeV is highly suppressed by the
unitarization. Because a form factor with a scale of ΛFF ≈ 500 GeV is required in order to
unitarize this process (see Figure 12.2), no significant differences between unitarized and SM
distributions remain beyond an invariant WZ mass of about 1 TeV. A cut on this variable is not
expected to efficiently increase the aQGC constraints, whereas a cut on the lepton centrality
at values around zero and keeping the high lepton centrality region might strengthen the limits
on the anomalous coupling parameters.
The last row of Figure 12.9 is dedicated to jet variables in terms of the rapidity difference
(left) and the invariant mass (right) between the tagging jets. While no significant difference in
the shape of the invariant masses is observed, anomalous quartic WZjj-EW production clearly
enhances the region of large rapidity separation. A dedicated cut optimization is required in
order to test the influence of observed differences on the final aQGC parameter constraints.
12.7 Electric Charge Ratio
Studying the electric charge of the final state W boson candidates can give insights into the
contents of the proton. For the SM WZjj-EW process at leading order, the electroweak WZjj
fiducial cross section ratio is found to be close to two:
R±LO(SM) =
σLOfid (W+Zjj-EW)
σLOfid (W−Zjj-EW)
= 0.3494 fb0.1766 fb = 1.98. (12.12)
The ratio at next-to-leading order in pQCD takes into account the theory uncertainties and
especially different uncertainties due to the parton distribution functions. The latter differences
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are expected and observed to be significant between positively and negatively charged final
states due to colliding proton beams (compared to anti-protons) and the resulting electric
charge asymmetry for the initial state quarks parameterized by the PDF (see Section 9.2
for details). No parton shower uncertainties are considered since the results are based on
simulations without parton showering.
R±NLO(SM) =
(
0.3391± 0.0005 (stat.) +0.0071−0.0034 (scales) +0.0173−0.0305 (pdf)
)
fb(
0.1728± 0.0004 (stat.) +0.0036−0.0017 (scales) +0.0069−0.0062 (pdf)
)
fb
(12.13)
= 1.96± 0.01 (stat.) +0.06−0.03 (scales) +0.13−0.19 (pdf) (12.14)
= 1.96 +0.14−0.19. (12.15)
For increasing anomalous quartic electroweak gauge coupling parameters the ratio increases
up to a plateau. This is shown in Figure 12.10 for the next-to-leading order fiducial cross
sections of the fully unitarized and the ununitarized processes. The uncertainties of +7% and
−10% are assumed to be independent on the value of the aQGC parameter and are not shown
explicitly.
While unitarized fS,i parameters show no large increase in the cross section ratio, a large
increase of the ratio up to a plateau at about R± = 2.9 is observed for ununitarized processes.
For comparison, the behavior of the fT,1 parameter is shown for two different form factor
exponents. The observed 95% CL limits are shown as a black cross. They correspond to no
significant increase in the cross section ratio for unitarized fS,i parameters but to a significant
enhancement of about 20% for the operator-dimension eight fT,1 parameter.
The rising charge ratio can be explained by a decreasing ratio of the down quark to the up
quark parton distribution function for large x [264]. Since aQGC is expected to favor higher x
values on average due to a larger momentum involved in the scattering process, a rising charge
ratio as a function of the aQGC parameters is expected.
Based on the ATLAS data recorded in 2012, the cross section ratio in the inclusive WZ
fiducial phase space is measured to [218]:
R±measured = 1.50± 0.09 (stat.) +0.02−0.01 (syst.). (12.16)
The uncertainties correspond to a statistical uncertainty of about 6% and a systematic uncer-
tainty of about 1%. A next-to-leading order SM expectation derived with Mcfm is compatible
with the measured result:
R±expected = 1.62± 0.08. (12.17)
Differences compared to the expectations after the electroweak WZjj selection might be con-
nected to larger momenta involved in the electroweak WZjj production with two tagging jets
radiating off the gauge bosons in combination with the differences between the up and down
quark parton distribution functions mentioned above.
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Figure 12.10: Next-to-leading order ﬁducial cross section ratios of the electroweak
W+Zjj and W−Zjj production in the electroweak WZjj ﬁducial phase space as a func-
tion of diﬀerent aQGC parameters for diﬀerent unitarization prescriptions based on form
factors.
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According to the United States National Academy of Sciences, a theory “refers to a comprehen-
sive explanation of some aspect of nature that is supported by a vast body of evidence” [265].
This work contributes to a large effort to increase evidence for the Standard Model of particle
physics, or to rule it out.
Figure 13.1 shows the cross sections of Standard Model processes measured by the ATLAS
collaboration. The results are based on proton-proton collisions at center-of-mass energies of√
s = 7 TeV and
√
s = 8 TeV at the LHC recorded by the ATLAS detector. No significant
deviations from Standard Model expectations are observed over about seven orders of mag-
nitude. This and corresponding results obtained by many other experiments [2] makes the
Standard Model one of the most successful theories ever developed. All covered final states
and results obtained in the context of this work are marked in red in this figure. Proton-proton
collision data collected in 2012 at a center-of-mass energy of
√
s = 8 TeV have been analyzed.
The amount of data corresponds to an integrated luminosity of 20.3 fb−1.
A fiducial cross section of inclusive WZ production has been measured and compared to the
next-to-leading order Standard Model theory prediction derived from Mcfm:
σobservedfiducial (WZ) =
(
129.7 +3.5−3.4 (stat.) +12.4−10.7 (syst.)
)
fb (13.1)
σtheoryfiducial(WZ) =
(
122.9 +8.1−8.4
)
fb. (13.2)
It updates and integrates into existing analyses at CMS [224, 268], DØ [269], CDF [270] and
ATLAS [188,219].
The matrix method, a refined procedure to estimate the backgrounds arising from fake
leptons, is applied to the WZ final state. It is based on the ATLAS collision data and avoids
inconsistencies due to the mismodeling or the large statistical uncertainties of the simulated
events. For the first time in an ATLAS study of the WZ final state this method consistently
considers the fake leptons arising from the Z boson candidate.
As the main focus of this work, electroweak gauge boson scattering is studied. First-ever
evidence with a significance of 3.6 standard deviations for the W±W±jj-EW process com-
prising this core interaction of the Standard Model has been published in the context of this
work [22]. A fiducial cross section of the electroweak W±W±jj production, including (7±4)%
interference with the strong production, is found to be consistent with the Standard Model
expectations:
σobservedfiducial (W±W±jj-EW) = (1.3± 0.4 (stat.)± 0.2 (syst.)) fb (13.3)
σtheoryfiducial(W
±W±jj-EW) = (0.95± 0.06) fb. (13.4)
These results mark the first experimental evidence of an electroweak process involving a quartic
vertex. Its existence is an important test of the local gauge symmetry as a fundamental axiom
of the Standard Model. The successful observation marks another milestone of the LHC as
being fulfilled.
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Figure 13.1: Total and fiducial Standard Model production cross sections [266,267]. Data
measurements with the ATLAS detector are compared to next-to-leading order or higher
theoretical calculations. The luminosity used for each measurement is indicated close to
the data point. All results are based on proton-proton collisions at center-of-mass energies
of
√
s = 7 TeV and
√
s = 8 TeV at the LHC. Channels covered in this work are marked
in red. No significant deviations from the Standard Model are observed.
Electroweak gauge boson scattering in the WZjj final state is covered in this work in full
detail. The measurement is based on consistently extended methods from the inclusive WZ
selection in terms of background estimations, extractions of systematic uncertainties, event
selections and statistical evaluations. A fiducial cross section of the electroweak WZjj pro-
duction is measured and no significant deviation from the Standard Model is observed:
σobservedfiducial (WZjj-EW) =
(
0.63 +0.32−0.28 (stat.) +0.41−0.24 (syst.)
)
fb (13.5)
σtheoryfiducial(WZjj-EW) =
(
0.31 +0.03−0.05
)
fb. (13.6)
The electroweak gauge boson scattering processes are directly connected to the electroweak
symmetry breaking. With the collision data recorded in 2012 an extraction of the longitudinal
gauge boson scattering component was not possible. On the other side, these components
are included in the derived results. Additional collision data and/or an increased center-of-
mass energy is required for measurements or constraints on extended models of electroweak
symmetry breaking.
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All results are based on theoretical calculations at the leading order in the electroweak
expansion as a consequence of missing theoretical calculations. This affects the normalization
of background processes and the comparisons to the expectations from the Standard Model.
Electroweak corrections of 10% to 50% are expected in the TeV range for the electroweak gauge
boson scattering processes [73]. Derived results in terms of fiducial cross sections and unfolded
differential distributions can be used to check theoretical calculations as soon as available.
Various models parameterize deviations from the Standard Model electroweak gauge boson
scattering processes. Based on an effective field theory additional operators with dimensionless
anomalous quartic electroweak gauge coupling constants are added. Constraints are set on the
complete set of parameters with operator-dimension eight accessible in the WZjj final state.
A form factor unitarization method is applied. Derived confidence intervals on fS,i (i = 0, 1),
fM,j (j = 4, . . . , 7) and fT,k (k = 1, 2, 5, 6, 7) parameters are the first experimental limits on
theses parameters. The remaining parameters fM,l (l = 0, . . . , 3) and fT,0 have been studied
by the CMS collaboration in different final states and without unitarization [18, 35] and can
therefore not be compared to the results presented here.
Furthermore, unfolded differential distributions of typical kinematic variables sensitive to
new physics in the studied final states have been derived. By removing any detector effects,
the presented results are the basis for constraining the parameter space of alternative models.
At the time of writing, the LHC accelerator and the ATLAS detector are prepared for the
second run phase. An extended center-of-mass energy of
√
s = 14 TeV is aimed for and a
higher total integrated luminosity is foreseen. In this environment the uncertainties on the
cross sections and the unfolded distributions will be reduced. Extraction of the longitudinal
gauge boson components would allow for detailed studies of the mechanism of electroweak
symmetry breaking. Presented constraints on anomalous quartic electroweak gauge coupling
parameters can be tightened and a combination with other final states is possible to even
further improve these limits. This might increase the evidence for the Standard Model of
particle physics or spot long-awaited signs of new physics.
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A Auxiliary Information: Conventions
As common in the literature of particle physics, natural units are used in this document. The
Planck constant h is set to 2pi and the speed of light c is set to one. As a result, energies,
momenta and masses are measured in units of energy like GeV or TeV.
The invariant masses of pairs of objects A andB are calculated from the four-momentum sum
p(A)+p(B) of these objects and are written as M(AB) =
√
(p(A) + p(B))2. Distance measures
∆X with X ∈ {R, η, y, ϕ} between two objects A and B are introduced in Section 6.2.1 and
are defined to be always positive. They are referred to as ∆X(A,B).
Throughout this work, besides in Chapter 2, electrons, positrons, muons and anti-muons
are together referred to as leptons. Tau and anti-tau particles as well as neutrinos and anti-
neutrinos are not included in this definition as a consequence of no direct observability. Quarks
and anti-quarks as well as neutrinos and anti-neutrinos are referred to as quarks and neutrinos,
respectively. With the above definitions, all types of neutrinos are named ν and all types of
leptons are named `. The combination of all quarks, anti-quarks and gluons is referred to as
jets j, even if no jet algorithm is employed. The top and anti-top quarks are not included in
this definition as a result of their decay. No electric charge is expressed in the symbol, with
the exception of the top pair production with subsequent decay, which is labeled tt¯ following
standard naming conventions by the ATLAS top group after the dominant contribution.
The electric charge of the W boson is not represented in its symbol with the exception of W
boson pair production with same electric charge: W±W±. V is used short for a W boson or
a Z boson. The actual flavor, the electric charge and the type of a particle can be extracted
from the context or additional comments. Intermediate off-shell photons γ∗ are included
in the definition of the Z bosons: WZ processes cover the Wγ∗ processes as well and the
term ZZ refers to the ZZ, the Zγ∗ or the γ∗γ∗ production. Virtual photons are also included
in all simulated events with Z bosons in the intermediate state. Interference between the
contributions from Z bosons and virtual photons is calculated and included if not stated
otherwise.
WZ production in association with jets with the fourth order of the electroweak coupling
constant (α4) and an arbitrary order of the strong coupling constant αs is named “WZ” and
referred to as the inclusive WZ production. Purely electroweak production with α4 is included
in this definition. The subprocess with at least two jets in the final state, dominant in the
context of electroweak gauge boson scattering, is referred to as strong WZjj process and named
“WZjj-QCD”. These definitions are for processes at leading order in the electroweak expansion
only but can be extended to higher orders as covered in Section 3.2.2.
WZ production with at least sixth order of the electroweak coupling constant (α6), including
electroweak gauge boson scattering, are just allowed with at least two jets in the final state.
At leading order, this process does not exhibit a strong coupling. It is therefore referred to as
the electroweak WZjj production and named “WZjj-EW”. All definitions can be extended to
the other bosonic final states covered in this work.
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B Auxiliary Information: Generator-Level
Distributions
In this section, generator-level distributions of processes with the fully leptonically decaying
W±W±jj and WZjj final states are compared for Vbfnlo, Sherpa and Whizard. In the left
(middle) column, electroweakly (strongly) produced processes are shown. On the right-hand
side, full W±W±jj or WZjj production is presented including all interference effects when
generated with Sherpa or Whizard and neglecting interference between electroweak and
strong production if stated as “EW+QCD” in the legend. The jets with the largest (second-
to-largest) transverse momentum are labeled j1 (j2). In the W±W±jj final state, the lepton
with the largest (second-to-largest) transverse momentum is labeled `1 (`2). In the WZjj final
state, the lepton with the largest (second-to-largest) transverse momentum assigned to the Z
candidate is labeled `1 (`2) and the lepton associated to the W candidate is labeled `3. All
plots are normalized to the cross section calculated by the corresponding generator. Additional
details like generator settings and the phase space can be found in Section 5.3.
B.1 W±W±jj Final State
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Figure B.1: Top row: Transverse momentum of j1 . Bottom row: Rapidity of j1 .
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Figure B.2: From the top to the bottom row: Transverse momentum of j2 . Rapidity
of j2 . Invariant mass of the j1 j2 pair. ∆R distance between j1 and j2 , introduced in
Section 6.2.1.
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Figure B.3: From the top to the bottom row: Jet multiplicity. Normalized transverse
momentum difference between j1 and j2 . Rapidity product of j1 and j2 . Missing transverse
momentum.
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Figure B.4: From the top to the bottom row: Transverse momentum of `1 . Pseudora-
pidity of `1 . Transverse momentum of `2 . Pseudorapidity of `2 .
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Figure B.5: From the top to the bottom row: Pseudorapidity difference between `1 and `2 .
Invariant mass of the `1 `2 pair. Azimuthal angle difference between the leptons ell1 and
`2 . Sum of the transverse momentum magnitudes of `1 and `2 .
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Figure B.6: From the top to the bottom row: Lepton centrality introduced in Section 3.3.2.
Normalized transverse momentum difference between `1 and `2 . Mass of each W boson
candidate. Invariant mass of the WW system calculated as the invariant mass of `1 , `2
and the two final state neutrinos.
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Figure B.7: Top row: Transverse momentum of j1 . Bottom row: Rapidity of j1 .
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Figure B.8: From the top to the bottom row: Transverse momentum of j2 . Rapidity
of j2 . Rapidity difference between j1 and j2 . Invariant mass of the j1 j2 pair.
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Figure B.9: From the top to the bottom row: Jet multiplicity. ∆R distance between j1
and j2 , introduced in Section 6.2.1. Normalized transverse momentum difference between
j1 and j2 . Rapidity product for j1 and j2 .
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Figure B.10: From the top to the bottom row: Transverse momentum of `1 . Pseudora-
pidity of `1 . Transverse momentum of `2 . Pseudorapidity of `2 .
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Figure B.11: From the top to the bottom row: Transverse momentum of `3 . Pseudora-
pidity of `3 . Sum of the magnitudes of the transverse momenta of `1 , `2 and `3 . Missing
transverse momentum.
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Figure B.12: From the top to the bottom row: Lepton centrality and boson centrality
introduced in Section 3.3.2. Azimuthal angle difference between W and Z boson candi-
dates. Invariant mass of the WZ candidate pair with the longitudinal component of the
neutrino calculated from the missing transverse momentum and the mass of the W boson
as covered in Section 7.14.
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B.3 Comparisons between Electroweak and Strong V Vjj
Processes
Comparisons between electroweak and strong V Vjj production. All processes are generated
with Vbfnlo and are normalized to unit area. Additional distributions, the phase space as
well as the generator settings are presented in Section 3.3.
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Figure B.13: Comparison between electroweak and strong W±W±jj production. In the
first row, the transverse momentum and the pseudorapidity of the lepton with the largest
transverse momentum are presented. In the bottom row, the lepton with the second-to-
largest transverse momentum is shown.
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Figure B.14: Comparison between electroweak and strong WZjj production. In the first
(second) row, the transverse momentum and the pseudorapidity of the lepton with the
largest (second-to-largest) transverse momentum associated to the Z boson are presented.
In the bottom row, the lepton associated to the W boson is shown.
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C Auxiliary Information: Unitarity
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Figure C.1: Cross sections for electroweak gauge boson scattering W+W+ →W+W+ in
the Standard Model with and without a Higgs boson as a function of the W+W+ center-
of-mass energy
√
s. The process with an anomalous quartic electroweak gauge coupling of
α4 = 0 .1 is shown with and without the K-matrix unitarization.
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Figure C.2: Cross sections for electroweak gauge boson scattering W+Z → W+Z in the
Standard Model with and without a Higgs boson as a function of the W+Z center-of-mass
energy
√
s. The process with an anomalous quartic electroweak gauge coupling of α4 = 0 .1
is shown with and without the K-matrix unitarization.
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Figure C.3: Cross sections for electroweak gauge boson scattering ZZ → ZZ in the
Standard Model as a function of the ZZ center-of-mass energy
√
s. No process without
the Higgs boson is allowed due to nonexistent neutral triple and quartic electroweak gauge
boson couplings. The process with an anomalous quartic electroweak gauge coupling of
α4 = 0 .1 is shown with and without the K-matrix unitarization.
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D Auxiliary Information: Simulated and
Recorded Datasets
The datasets of the simulated and the recorded events are collected in this chapter. Just
simulated samples obtained by the official ATLAS simulation procedure are shown while the
privately produced samples are represented by their corresponding run cards in Appendix E. All
events are produced for or recorded at a proton-proton center-of-mass energy of
√
s = 8 TeV.
Each sample is identified by a unique dataset identification number (MCID). The corresponding
generator settings and the cuts employed to generate these samples are accessible by this
number [271].
The generated process and the employed generator are shown for each dataset. If additional
event cuts are applied after the cross section estimation by the generator, the resulting effects
are parametrized by the filtering efficiency filter that has to be multiplied to the quoted cross
section. A k factor not equal to one parameterizes deviations from the cross section calculated
by the generator. It is quoted if more accurate calculations are available, mainly due to
improved calculations at higher order in pQCD. This factor can be dependent on the definition
of the fiducial phase space. If this is observed, a phase space dependent factor is derived as
presented in Chapter 10. The cross section σ calculated by the generator is shown in the
following column and the references to the generator, the production details or the estimation
of the cross sections, k factors and filtering efficiencies are shown in the last column.
Table D.1: WZ datasets. Although labeled WZ, non resonant production channels of ```ν
are included in all samples. The sample 185396 is generated with exactly two jets from the
hard interaction and is employing the GF electroweak scheme. Dataset 185397 includes
matrix element and parton shower merging with jet multiplicities up to three. These
samples are prepared, produced and validated in the context of this work with details given
in the main text. The k factors, derived in Section 10.4, are shown for the inclusive WZ
fiducial phase space.
MCID process generator events filter k σ/pb references
185396 WZjj-EW Sherpa 269760 1 1.35 0.0373 [22,100]
185397 WZ Sherpa 1999996 0.24041 1.32 9.757 [22,100]
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Table D.2: ZZ datasets. Although labeled ZZ, non resonant production channels of ````
are included in all samples. The processes are dominated by the ZZ production. These
samples are prepared, produced and validated in the context of this work with details given
in the main text.
MCID process generator events filter k σ/pb references
147196 ZZjj-EW Sherpa 200000 1 1 0.00691 [22,100]
126894 ZZ Sherpa 3800000 1 1 8.7345 [22,100]
Table D.3: Top datasets. Top pair production (tt¯) and top pair production in association
with W or Z bosons (tt¯V ) processes. Single top production in association with a Z and
a jet, tZj. The contribution from the other single top processes is small after the WZ
selections and these processes are added to what is labeled tt¯ or tt¯V within the context of
this work. No additional filters are applied with the result of a unit filtering efficiency not
explicitly quoted.
MCID process generator events k σ/pb references
110001 tt¯ MC@NLO 9988449 1.218 21.81 [272–275]
119353 tt¯W MadGraph 399997 1.18 0.1041 [147,245,247]
119354 tt¯Wj MadGraph 399896 1.18 0.0932 [147,245,247]
174831 tt¯Wjj MadGraph 399896 1.17 0.0415 [147,245,247]
119355 tt¯Z MadGraph 399996 1.34 0.0677 [147,246,247]
119356 tt¯Zj MadGraph 399895 1.34 0.0874 [147,246,247]
174833 tt¯Zjj MadGraph 399895 1.35 0.0398 [147,246,247]
119583 tt¯WW MadGraph 10000 1 0.000919 [147,276]
117360 t-chan. (e) AcerMC/Pythia 299999 1 9.48 [259,277,278]
117361 t-chan. (µ) AcerMC/Pythia 299999 1 9.48 [259,277,278]
117362 t-chan. (τ) AcerMC/Pythia 299999 1 9.48 [259,277,278]
108343 s-chan. (e) MC@NLO 199999 1 0.564 [275,279]
108344 s-chan. (µ) MC@NLO 200000 1 0.564 [275,279]
108345 s-chan. (τ) MC@NLO 199900 1 0.564 [275,279]
108346 Wt MC@NLO 5000000 1 22.37 [275,280]
185396 tZj Sherpa 230240 1 0.0284 [22,100]
Table D.4: Z production in association with jets. Up to five jets, matched between the
parton shower and the matrix element, are included in each of the samples. The samples
are just applied for the control distributions and are replaced by the extractions from the
ATLAS data in all final results.
MCID process generator events filter k σ/pb references
147770 Z → ee Sherpa 9999162 1 1 1241.2 [100]
147771 Z → µµ Sherpa 9998983 1 1 1241.2 [100]
147772 Z → ττ Sherpa 4999989 1 1 1241.2 [100]
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Table D.5: Wγ production in association with jets. No additional filters are applied with
the result of unit filtering efficiencies not explicitly quoted. The samples are just applied
for the control distributions and are replaced by the extractions from the ATLAS data in
all final results.
MCID process generator events k σ/pb references
146430 WγNp0 Alpgen+Jimmy 50000 1.15 230.09 [243,281,282]
146431 WγNp1 Alpgen+Jimmy 50000 1.15 59.343 [243,281,282]
146432 WγNp2 Alpgen+Jimmy 50000 1.15 21.469 [243,281,282]
146433 WγNp3 Alpgen+Jimmy 49999 1.15 7.1032 [243,281,282]
146434 WγNp4 Alpgen+Jimmy 60000 1.15 2.1224 [243,281,282]
146435 WγNp5 Alpgen+Jimmy 364999 1.15 0.4661 [243,281,282]
185304 W (ee)γjj-EW Sherpa 300000 1 0.4496 [100,283]
185305 W (µµ)γjj-EW Sherpa 300000 1 0.4496 [100,283]
185306 W (ττ)γjj-EW Sherpa 300000 1 0.4496 [100,283]
Table D.6: Zγ production in association with jets. No additional filters are applied with
the result of unit filtering efficiencies not explicitly quoted. The samples are just applied
for the control distributions and are replaced by the extractions from the ATLAS data in
all final results.
MCID process generator events k σ/pb references
145161 Z(ee)γ Sherpa 6189679 1 32.26 [281]
145162 Z(µµ)γ Sherpa 9198579 1 32.32 [281]
126854 Z(ττ)γ Sherpa 3999409 1 32.33 [281]
185307 Z(ee)γjj-EW Sherpa 200000 1 0.031 [283]
185308 Z(µµ)γjj-EW Sherpa 198400 1 0.031 [283]
185309 Z(ττ)γjj-EW Sherpa 198000 1 0.031 [283]
Table D.7: WW and ZZ production with two leptons in the final state. No additional
filters are applied with the result of unit filtering efficiencies not explicitly quoted. The
samples are just applied for the control distributions and are replaced by the extractions
from the ATLAS data in all final results.
MCID process generator events k σ/pb references
185393 W±W±jj-EW Sherpa 100000 0.8356 0.02762 [22,100]
185394 W±W±jj-QCD Sherpa 100000 1.0354 0.01608 [22,100]
147193 W+W−jj-EW Sherpa 198999 1.0 0.09588 [22,100]
126892 W+W− Sherpa 99800 1.06 0.02762 [22,100]
161982 (ZZ → ``νν)jj-EW Sherpa 100000 1.0 0.0041 [22,100]
126895 ZZ → ``νν Sherpa 100000 1.05 0.4962 [22,100]
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Table D.8: V V V processes. No additional filters are applied with the result of unit
filtering efficiencies not explicitly quoted.
MCID process generator events k σ/fb references
167006 WWW MadGraph 50000 1.0 5.0961 [147,284]
167007 ZWW MadGraph 50000 1.0 1.5546 [147,284]
167008 ZZZ MadGraph 50000 1.0 0.3324 [147,284]
Table D.9: ATLAS datasets recorded in 2012 at a proton-proton center-of-mass energy
of
√
s = 8 TeV input to all the results obtained in this work.
period stream tag
A Egamma grp14 v01 p1328 p1329
B Egamma grp14 v01 p1328 p1329
C Egamma grp14 v01 p1328 p1329
D Egamma grp14 v01 p1328 p1329
E Egamma grp14 v01 p1328 p1329
G Egamma grp14 v01 p1328 p1329
H Egamma grp14 v01 p1328 p1329
I Egamma grp14 v01 p1328 p1329
J Egamma grp14 v01 p1328 p1329
L Egamma grp14 v01 p1328 p1329
A Muons grp14 v01 p1328 p1329
B Muons grp14 v01 p1328 p1329
C Muons grp14 v01 p1328 p1329
D Muons grp14 v01 p1328 p1329
E Muons grp14 v01 p1328 p1329
G Muons grp14 v01 p1328 p1329
H Muons grp14 v01 p1328 p1329
I Muons grp14 v01 p1328 p1329
J Muons grp14 v01 p1328 p1329
L Muons grp14 v01 p1328 p1329
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E Auxiliary Information: Event Generator
Run Cards
E.1 VBFNLO Input Files
The general Vbfnlo input card (vbfnlo.dat) for the electroweak and the strong V Vjj pro-
cesses. Additional settings and details are shown as comments in the run card starting with
an exclamation point or in the Vbfnlo manual [55]. The results presented in this work are
based on Vbfnlo version 2.7.0.
PROCESS = 220 ! 220 = WpZjj -EW , 230 = WmZjj -EW
! 3220 = WpZjj -QCD , 3230 = WmZjj -QCD
! 250 = WpWpjj -EW , 260 = WmWmjj -EW
! 3250 = WpWpjj -QCD , 3260 = WmWmjj -QCD
LOPROCESS_PLUS_JET = false ! LO process with 1 additional jet
LEPTONS = -13 14 -11 11
DECAY_QUARKS = 94 ! quarks for semileptonic decays
LO_ITERATIONS = 6 ! number of iterations for LO calculation
NLO_ITERATIONS = 6 ! number of iterations for NLO calculation
LO_POINTS = 25 ! number of points for LO calculation
NLO_POINTS = 25 ! number of points for NLO calculation
LO_GRID = "grid2_1" "grid2_2" "grid2_3" "grid2_4" "grid2_5"
NLO_GRID = "grid3_1" "grid3_2" "grid3_3" "grid3_4" "grid3_5"
PHTN_GRID = "grid4_1" "grid4_2" "grid4_3" "grid4_4" "grid4_5"
FLOOP_GRID = "grid5_1" "grid5_2" "grid5_3" "grid5_4" "grid5_5"
NLO_SWITCH = true
EWCOR_SWITCH = false ! electroweak corrections
FERMIONLOOP = 3 ! gluon -induced fermionic loops
! 0: none
! 1: only box diagrams
! 2: only Higgs resonance
! 3: both contributions
ECM = 8000d0 ! collider center -of-mass energy
BEAM1 = 1 ! type of beam 1 (1 = proton)
BEAM2 = 1 ! type of beam 2 (1 = proton)
ID_MUF = 1 ! ID for factorization scale
ID_MUR = 1 ! ID for renormalization scale
MUF_USER = 160d0 ! user defined factorization scale
MUR_USER = 160d0 ! user defined renormalization scale
XIF = 1d0 ! scale factor xi for mu_F
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XIR = 1d0 ! scale factor xi for mu_R
HMASS = 126.0 d0 ! Higgs mass
HTYPE = 0 ! Higgs type (0 = SM Higgs)
MODEL = 1 ! model (1 = SM)
HWIDTH = 0.00418 d0 ! Higgs width
TOPMASS = 172.5d0 ! Top mass
BOTTOMMASS = 4.2d0 ! Bottom Pole mass
CHARMMASS = 1.42d0 ! Charm Pole mass
TAU_MASS = 1.77705 D0 ! Tau mass
EWSCHEME = 3 ! EW-Scheme (3 = GMU -scheme)
FERMI_CONST = 1.16639d-5 ! Fermi constant
DEL_ALFA = 0.059047686 d0 ! Delta alpha
WMASS = 80.399 d0 ! W boson mass
ZMASS = 91.1876 d0 ! Z boson mass
ANOM_CPL = false ! no anomalous couplings
KK_MOD = false ! Warped Higgsless Model
SPIN2 = false ! Spin -2 model
EW_APPROX = 0 ! EW appoximation (0 = no approx .)
HEPMC_SWITCH = false
HEPMC_FILE = output.hepmc
UNWEIGHTING_SWITCH = false
PRENEVUNW = 1000 ! to calculate pre -maximal weight
TAUMASS = false ! do not put tau mass in output
PDF_SWITCH = 1 ! pdfs to use (1 = LHAPDF)
LO_PDFNAME = CT10.LHgrid
NLO_PDFNAME = CT10.LHgrid
LO_PDFMEMBER = 0
NLO_PDFMEMBER = 0
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In the presented cuts.dat file, the event and the object cuts are specified used for defining the
electroweak WZjj fiducial phase space in the case of events without parton showering. These
cuts are used for calculating the next-to-leading order cross sections in the electroweak WZjj
fiducial phase space.
! Jet cuts
!-----------
RJJ_MIN = 0.4d0 ! min jet -jet R separation
Y_P_MAX = 10.0d0 ! max pseudorapidity for partons
PGENKTJET = -1.0d0 ! exponent of generalised k_T algorithm
PT_JET_MIN = 30.0d0 ! min jet pT
Y_JET_MAX = 4.4d0 ! max jet rapidity
! Lepton cuts (only applied to charged leptons)
!------------------------------------------------
Y_L_MAX = 2.5d0 ! max lepton rapidity
PT_L_MIN = 15.0d0 ! min lepton pT
MLL_MIN = 81.1876 d0 ! MLL cuts just applied to Z decay leptons
MLL_MAX = 101.1876 d0 ! due to a private patch in VBFNLO
RLL_MIN = 0.2d0 ! min lepton -lepton R separation
RLL_MAX = 50.0d0 ! max lepton -lepton R separation
! Additional cuts
!------------------
RJL_MIN = 0.1d0 ! min jet -lepton R separation
RJG_MIN = 0.6d0 ! min jet -photon R separation
RLG_MIN = 0.6d0 ! min lepton -photon R separation
MLG_MIN = 0.0d0 ! any comb. of charged leptons and photons
MLG_MAX = 1.d20 ! any comb. of charged leptons and photons
PTMISS_MIN = 0.0d0 ! minimal missing transverse momentum
! the following three lines are added privately and are not
! in the official version of VBFNLO
WTRANSMASS = 30.0d0 ! min transverse mass of the W candidate
R_WLEPTON = 0.3d0 ! min dR between W and Z leptons
PT_WLEPTON = 20.0d0 ! min pT of W lepton
! Vector boson fusion cuts
!---------------------------
ETAJJ_MIN = 0d0 ! jet -jet rapidity separation
YSIGN = false ! jets must have opposite sign rapidity
LRAPIDGAP = false ! leptons fall inside rapidity gap
DELY_JL = 0.0d0 ! min y-dist of leptons from tagging jets
MDIJ_MIN = 500.0 d0 ! dijet min mass cut on tag jet
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In the presented cuts.dat file, the event and the object cuts are specified used for generating
the Vbfnlo events that are input to a parton shower algorithm. A wide phase space compared
to the electroweak WZjj fiducial phase space is selected in order to include effects from the
parton shower like additional leptons produced in the shower or modified jet properties due to
shower effects.
! Jet cuts
!-----------
RJJ_MIN = 0.2d0 ! min jet -jet R separation
Y_P_MAX = 1d20 ! max pseudorapidity for partons
PGENKTJET = -1.0d0 ! exponent of k_T algorithm
PT_JET_MIN = 10.0d0 ! min jet pT
Y_JET_MAX = 1d20 ! max jet rapidity
! Lepton cuts (only applied to charged leptons)
!------------------------------------------------
Y_L_MAX = 1d20 ! max lepton rapidity
PT_L_MIN = 10d0 ! min lepton pT
MLL_MIN = 0.1d0 ! min. m_ll
MLL_MAX = 1d20 ! max. m_l+l-
MLL_OSONLY = true ! which charge for m_ll cuts
RLL_MIN = 0d0 ! min lepton -lepton R separation
RLL_MAX = 1d20 ! max lepton -lepton R separation
! Additional cuts
!------------------
RJL_MIN = 0d0 ! min jet -lepton R separation
PTMISS_MIN = 0.0d0 ! minimal missing transverse momentum
! Vector boson fusion cuts
!---------------------------
ETAJJ_MIN = 0d0 ! jet -jet rapidity separation
YSIGN = false ! jets must have opposite sign rapidity
LRAPIDGAP = false ! leptons fall inside rapidity gap
DELY_JL = 0.0d0 ! min y-dist of leptons from tagging jets
MDIJ_MIN = 0d0 ! dijet min mass cut on tag jet
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E.2 Whizard Input File
The following Whizard Sindarin file is used for generating the events for the validation distri-
butions presented in Section 5.3. Although this file represents the generation of W±W±jj-EW
events, a trivial extension to other final states is possible. Details can be found in the Whizard
manual [285]. This work is based on the version 2.1.0 of the Whizard event generator.
model = SM # other tested models: SM_km , SM_ac
alphas = 0 # set alphas to zero for EW processes
# alias definitions
alias nu = n1:n2:n3
alias NU = N1:N2:N3
alias neutrino = n1:n2:n3:N1:N2:N3
alias lep = e1:e2:e3
alias LEP = E1:E2:E3
alias lepton = e1:E1:e2:E2:e3:E3
alias quark = u:d:s:c:b:U:D:S:C:B:g
process vbs_WWpp = quark , quark => quark , quark , LEP , LEP , nu, nu
process vbs_WWmm = quark , quark => quark , quark , lep , lep , NU, NU
# variable settings
mH = 126
wH = 0.00418
mW = 80.399
wW = 2.085
mZ = 91.1876
wZ = 2.4952
me = 0
mmu = 0
mtau = 1.77705
ms = 0
mc = 0
mb = 0
mtop = 172.5
# model parameters
scale = 2 * mW
a4 = 0
a5 = 0
# cuts for a wide phase space for additional showering
cuts = all Dist > 0.4 [quark ,quark]
and all Pt > 20 GeV [quark]
and all Pt > 10 GeV [lepton]
?phs_keep_nonresonant = true
compile
# LHC setttings
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sqrts = 8 TeV
beams = p, p => lhapdf { $lhapdf_file = "CT10.LHgrid" }
integrate (vbs_WWpp ,vbs_WWmm) {iterations =24:80000 ,20:100000}
show(results)
n_events = 1000000
sample_format = hepmc # other option: lhef
?unweighted = true
simulate (vbs_WWpp ,vbs_WWmm) {checkpoint =500 ?keep_beams=false}
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E.3 Sherpa Input File
The following Sherpa input file is used for generating the electroweak WZjj-EW events for the
validation plots presented in Section 5.3. Input run cards for the ATLAS software framework
of the remaining datasets used in this work are available in [271] and are listed in Appendix D.
(run){
EVENTS = 10000000; # number of events
EVENT_GENERATION_MODE = Weighted; # no unweighting
PG_THREADS = 8; # number of cores
SHOWER_GENERATOR = None; # no parton shower
FRAGMENTATION = Off; # no Fragmentation
MI_HANDLER = None; # [Amisic] MPI
ME_SIGNAL_GENERATOR = Comix; # hard process generator
ME_QED = Off; # turn off QED corrections
HEPMC2_GENEVENT_OUTPUT = output;
EVENT_MODE = HepMC;
PDF_SET = ct10;
PARTICLE_CONTAINER 901 leptons 11 13 15;
PARTICLE_CONTAINER 902 antileptons -11 -13 -15;
PARTICLE_CONTAINER 903 antineutrinos -12 -14 -16;
PARTICLE_CONTAINER 904 neutrinos 12 14 16;
PARTICLE_CONTAINER 9923[m:-1] Zgamma 22 23;
PARTICLE_CONTAINER 9924[m:-1] Wplusminus 24 -24;
# when using massive particles use the following for leptons
#MASSIVE [11] = 1
#MASSIVE [13] = 1
#MASSIVE [15] = 1
#PARTICLE_CONTAINER 901[m:-1] leptons 11 13 15;
#PARTICLE_CONTAINER 902[m:-1] antileptons -11 -13 -15;
#PARTICLE_CONTAINER 903[m:-1] antineutrinos -12 -14 -16;
#PARTICLE_CONTAINER 904[m:-1] neutrinos 12 14 16;
}(run)
(model ){
MASSIVE [5] = 1;
MASS [5] = 4.2;
MASS [6] = 172.5;
WIDTH [6] = 1.523;
MASS [11] = 0.000510997;
MASS [13] = 0.105658389;
MASS [15] = 1.77705;
MASS [23] = 91.1876;
WIDTH [23] = 2.4952;
MASS [24] = 80.399;
WIDTH [24] = 2.085;
ACTIVE [25] = 1; # switch on the Higgs boson
MASS [25] = 126.; # mass of the Higgs boson in GeV
WIDTH [25] = 0.00418; # width of the Higgs for the mass above
# taken from CERN yellow report TWiki
EW_SCHEME = 3; # Gmu scheme
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MAX_PROPER_LIFETIME = 10.0;
}( model)
(beam){
BEAM_1 = 2212; BEAM_ENERGY_1 = 4000;
BEAM_2 = 2212; BEAM_ENERGY_2 = 4000;
}(beam)
(processes ){
Process 93 93 -> 93 93 11 -11 13 -14;
Scales VAR{sqr (171.5866)};
Order_EW 6;
Integration_Error 0.05;
End process;
Process 93 93 -> 93 93 11 -11 -13 14;
Scales VAR{sqr (171.5866)};
Order_EW 6;
Integration_Error 0.05;
End process;
}( processes)
(selector ){
PT 90 10 E_CMS;
PT 93 20 E_CMS;
DeltaR 93 93 0.4 10000;
Mass 11 -11 0.1 E_CMS;
}( selector)
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F Auxiliary Information: Event Selection
F.1 Summary of Object and Event Selection Criteria
This section summarizes the definitions for the objects and the events in order to pass the
inclusive WZ or the electroweak WZjj event selection. Technical terms are heavily used in
order create a reproducibility within the ATLAS software framework. Although most defini-
tions are introduced and covered in the main text, the interested reader may find additional
information in the references cited in the main text, the internal WZ analysis note [218] or the
collected recommendations for 2012 ATLAS data analyses within the electroweak subgroup of
the ATLAS collaboration [286].
Muon Selection
• type: staco, loose, combined || segment tagged
• inner detector hit quality requirements:
– nPixHits + nPixelDeadSensors ≥ 1
– nSCTHits + nSCTDeadSensors ≥ 5
– nPixHoles + nSCTHoles ≤ 2
– nTRTOutliers + nTRTHits ≥ 6
– nTRTOutliers / (nTRTOutliers + nTRTHits) < 0.9 for 0.1 < |η| < 1.9
• kinematic acceptance: pT ≥ 15 GeV
• geometric acceptance: |η| < 2.5
• transverse impact parameter: |d0|/σd0 < 3
• longitudinal impact parameter: |z0 sin θ| < 0.5 mm
• track isolation: ∑∆R<0.2 pT(i) < 0.15 pT(µ)
Electron Selection
• object quality: el author==1 || el author==3, el OQ&1446==0
• identification criteria: loose++
• kinematic acceptance: ET ≥ 15 GeV
• geometric acceptance: |η| < 2.47, outside 1.37 ≤ |η| ≤ 1.52
• transverse impact parameter: |d0|/σd0 < 6
• longitudinal impact parameter: |z0 sin θ| < 0.5 mm
• calorimeter isolation: ∑∆R<0.2ET(i) < 0.14 ET(e)
• track isolation: ∑∆R<0.2 pT(i) < 0.13 ET(e)
• remove electrons overlapping with selected muons within ∆R(e, µ) < 0.1
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Jet Selection
• algorithm: anti-kT, radius parameter R = 0.4
• calibration: LCTopo
• jet cleaning: !LooserBad
• kinematic acceptance: pT ≥ 30 GeV
• geometric acceptance: |η| < 4.5
• pile-up suppression: JVF > 0.5 for jets with pT < 50 GeV and |η| < 2.4
• remove jets overlapping with selected leptons within ∆R(`, j) < 0.3
Inclusive WZ Selection
• pile-up and vertex reweighting
• event cleaning
• Good Runs List
• single muon trigger (EF mu24i tight or EF mu36 tight) or
single electron trigger (EF e24vhi medium1 or EF e60 medium1)
• lepton number veto:
– veto events with less than tree, four or more selected leptons
– reduced cut of pT > 7 GeV for the leptons
• Z boson association:
– same flavor, opposite electric charge sign leptons
– pick the pair closest to the Z boson mass
– medium++ quality for electrons
• W boson association:
– tight++ quality for electrons
– ∑∆R<0.3ET(i) < 0.14 ET(e)
– ∑∆R<0.3 pT(i) < 0.10 ET(e)
– ∑∆R<0.3 pT(i) < 0.15 pT(µ)
– pT(`) > 20 GeV
• trigger-to-object matching
• Z window: |M(Z)−mZ | < 10 GeV
• MT(W ) > 30 GeV
Electroweak WZjj Selection
• N(j) ≥ 2
• M(j1j2) > 500 GeV
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F.2 Inclusive WZ Selection
F.2.1 Z Boson Candidate Distributions
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Figure F.1: Control distributions of the Z boson candidate after the inclusive WZ selec-
tion. Top: Pseudorapidity of the Z candidates obtained by summing the four-momenta
of the associated leptons. Pseudorapidity diﬀerence between both leptons. Bottom: Az-
imuthal angle diﬀerence and normalized transverse momentum diﬀerence between both
leptons. The background due to fake leptons is derived from ATLAS data. All systematic
uncertainties covered in Chapter 9 are included and are added in quadrature per bin by
assuming no correlations between the diﬀerent components and processes.
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Figure F.2: Transverse momentum of the Z candidate for diﬀerent ﬁnal state channels
(top: e+e−e± and e+e−μ±; middle: μ+μ−e± and μ+μ−μ±; bottom: +−+ and +−−)
after the inclusive WZ selection. The background due to fake leptons is derived from
ATLAS data. All systematic uncertainties covered in Chapter 9 are included and are
added in quadrature per bin by assuming no correlations between the diﬀerent components
and processes.
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Figure F.3: Invariant mass of the Z candidate for diﬀerent ﬁnal state channels (top:
e+e−e± and e+e−μ±; middle: μ+μ−e± and μ+μ−μ±; bottom: +−+ and +−−) after
the inclusive WZ selection. The background due to fake leptons is derived from ATLAS
data. All systematic uncertainties covered in Chapter 9 are included and are added in
quadrature per bin by assuming no correlations between the diﬀerent components and
processes.
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Figure F.4: Pseudorapidity of the Z candidate for diﬀerent ﬁnal state channels (top:
e+e−e± and e+e−μ±; middle: μ+μ−e± and μ+μ−μ±; bottom: +−+ and +−−) after
the inclusive WZ selection. The background due to fake leptons is derived from ATLAS
data. All systematic uncertainties covered in Chapter 9 are included and are added in
quadrature per bin by assuming no correlations between the diﬀerent components and
processes.
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Figure F.5: Pseudorapidity diﬀerence between the leptons associated to the Z candi-
date for diﬀerent ﬁnal state channels (top: e+e−e± and e+e−μ±; middle: μ+μ−e± and
μ+μ−μ±; bottom: +−+ and +−−) after the inclusive WZ selection. The background
due to fake leptons is derived from ATLAS data. All systematic uncertainties covered in
Chapter 9 are included and are added in quadrature per bin by assuming no correlations
between the diﬀerent components and processes.
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Figure F.6: Azimuthal angle diﬀerence between the leptons associated to the Z candi-
date for diﬀerent ﬁnal state channels (top: e+e−e± and e+e−μ±; middle: μ+μ−e± and
μ+μ−μ±; bottom: +−+ and +−−) after the inclusive WZ selection. The background
due to fake leptons is derived from ATLAS data. All systematic uncertainties covered in
Chapter 9 are included and are added in quadrature per bin by assuming no correlations
between the diﬀerent components and processes.
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Figure F.7: Absolute value of the transverse momentum diﬀerence between the leptons
associated to the Z candidate for diﬀerent ﬁnal state channels (top: e+e−e± and e+e−μ±;
middle: μ+μ−e± and μ+μ−μ±; bottom: +−+ and +−−) after the inclusive WZ
selection. The background due to fake leptons is derived from ATLAS data. All systematic
uncertainties covered in Chapter 9 are included and are added in quadrature per bin by
assuming no correlations between the diﬀerent components and processes.
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Figure F.8: Control distributions for the W boson candidate after the inclusive WZ
selection. Left: Pseudorapidity of the W candidates obtained by summing the four vectors
of the associated lepton and the missing transverse momentum. Right: Invariant mass
of the W candidates. The longitudinal component of the missing transverse momentum
is calculated based on W mass constraints as covered in Section 7.14. The background
due to fake leptons is derived from ATLAS data. All systematic uncertainties covered in
Chapter 9 are included and are added in quadrature per bin by assuming no correlations
between the diﬀerent components and processes.
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Figure F.9: Invariant mass of the W candidate for diﬀerent ﬁnal state channels (top:
e+e−e± and e+e−μ±; middle: μ+μ−e± and μ+μ−μ±; bottom: +−+ and +−−) after
the inclusive WZ selection. The longitudinal component of the missing transverse momen-
tum is calculated based on W mass constraints as covered in Section 7.14. Background
due to fake leptons is derived from ATLAS data. All systematic uncertainties covered in
Chapter 9 are included and are added in quadrature per bin by assuming no correlations
between the diﬀerent components and processes.
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Figure F.10: Pseudorapidity of the W candidate for diﬀerent ﬁnal state channels (top:
e+e−e± and e+e−μ±; middle: μ+μ−e± and μ+μ−μ±; bottom: +−+ and +−−) after
the inclusive WZ selection. The longitudinal component of the missing transverse momen-
tum is calculated based on W mass constraints as covered in Section 7.14. Background
due to fake leptons is derived from ATLAS data. All systematic uncertainties covered in
Chapter 9 are included and are added in quadrature per bin by assuming no correlations
between the diﬀerent components and processes.
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Figure F.11: Control distributions of the WZ pair after the inclusive WZ selection.
Top: Pseudorapidity and transverse momentum of the WZ pair obtained by summing the
four vectors of the associated Z boson and W boson candidates. Bottom: Azimuthal angle
diﬀerence and pseudorapidity diﬀerence between the Z boson and the W boson candidates.
The longitudinal component of the missing transverse momentum is calculated based on
W mass constraints as covered in Section 7.14. The background due to fake leptons is
derived from ATLAS data. All systematic uncertainties covered in Chapter 9 are included
and are added in quadrature per bin by assuming no correlations between the diﬀerent
components and processes.
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Figure F.12: Invariant mass of the WZ pair candidate for diﬀerent ﬁnal state channels
(top: e+e−e± and e+e−μ±; middle: μ+μ−e± and μ+μ−μ±; bottom: +−+ and +−−)
after the inclusive WZ selection. The longitudinal component of the missing transverse
momentum is calculated based on W mass constraints as covered in Section 7.14. The
background due to fake leptons is derived from ATLAS data. All systematic uncertainties
covered in Chapter 9 are included and are added in quadrature per bin by assuming no
correlations between the diﬀerent components and processes.
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Figure F.13: Transverse mass of the WZ pair candidate for diﬀerent ﬁnal state channels
(top: e+e−e± and e+e−μ±; middle: μ+μ−e± and μ+μ−μ±; bottom: +−+ and +−−)
after the inclusive WZ selection. The longitudinal component of the missing transverse
momentum is calculated based on W mass constraints as covered in Section 7.14. Back-
ground due to fake leptons is derived from ATLAS data. All systematic uncertainties
covered in Chapter 9 are included and are added in quadrature per bin by assuming no
correlations between the diﬀerent components and processes.
199
(
YH
QW
V


*
H9






 :=
)DNH/HSWRQV
==
9WW
W=M
999
(::=MM
60VWDWV\VW
'DWDVWDW
 7H9VIE
pH−HH
:=*H9
7
S
          
'
DW
D
6
0





(
YH
QW
V


*
H9






 :=
)DNH/HSWRQV
==
9WW
W=M
999
(::=MM
60VWDWV\VW
'DWDVWDW
 7H9VIE
pμ−HH
:=*H9
7
S
          
'
DW
D
6
0





(
YH
QW
V


*
H9






 :=
)DNH/HSWRQV
==
9WW
W=M
999
(::=MM
60VWDWV\VW
'DWDVWDW
 7H9VIE
pH−μμ
:=*H9
7
S
          
'
DW
D
6
0





(
YH
QW
V


*
H9






 :=
)DNH/HSWRQV
==
9WW
W=M
999
(::=MM
60VWDWV\VW
'DWDVWDW
 7H9VIE
pμ−μμ
:=*H9
7
S
          
'
DW
D
6
0





(
YH
QW
V


*
H9






 :=
)DNH/HSWRQV
==
9WW
W=M
999
(::=MM
60VWDWV\VW
'DWDVWDW
 7H9VIE
O−OO
:=*H9
7
S
          
'
DW
D
6
0





(
YH
QW
V


*
H9






 :=
)DNH/HSWRQV
==
9WW
W=M
999
(::=MM
60VWDWV\VW
'DWDVWDW
 7H9VIE
−O−OO
:=*H9
7
S
          
'
DW
D
6
0





Figure F.14: Transverse momentum of the WZ pair candidate for diﬀerent ﬁnal state
channels (top: e+e−e± and e+e−μ±; middle: μ+μ−e± and μ+μ−μ±; bottom: +−+
and +−−) after the inclusive WZ selection. The longitudinal component of the miss-
ing transverse momentum is calculated based on W mass constraints as covered in Sec-
tion 7.14. The background due to fake leptons is derived from ATLAS data. All systematic
uncertainties covered in Chapter 9 are included and are added in quadrature per bin by
assuming no correlations between the diﬀerent components and processes.
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Figure F.15: Pseudorapidity of the WZ pair candidate for diﬀerent ﬁnal state channels
(top: e+e−e± and e+e−μ±; middle: μ+μ−e± and μ+μ−μ±; bottom: +−+ and +−−)
after the inclusive WZ selection. The longitudinal component of the missing transverse
momentum is calculated based on W mass constraints as covered in Section 7.14. Back-
ground due to fake leptons is derived from ATLAS data. All systematic uncertainties
covered in Chapter 9 are included and are added in quadrature per bin by assuming no
correlations between the diﬀerent components and processes.
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Figure F.16: Azimuthal angle diﬀerence between the Z boson and the W boson candi-
dates for diﬀerent ﬁnal state channels (top: e+e−e± and e+e−μ±; middle: μ+μ−e± and
μ+μ−μ±; bottom: +−+ and +−−) after the inclusive WZ selection. The longitudinal
component of the missing transverse momentum is calculated based onW mass constraints
as covered in Section 7.14. The background due to fake leptons is derived from ATLAS
data. All systematic uncertainties covered in Chapter 9 are included and are added in
quadrature per bin by assuming no correlations between the diﬀerent components and pro-
cesses.
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Figure F.17: Pseudorapidity diﬀerence between the Z boson and the W boson candi-
dates for diﬀerent ﬁnal state channels (top: e+e−e± and e+e−μ±; middle: μ+μ−e± and
μ+μ−μ±; bottom: +−+ and +−−) after the inclusive WZ selection. The longitudinal
component of the missing transverse momentum is calculated based onW mass constraints
as covered in Section 7.14. The background due to fake leptons is derived from ATLAS
data. All systematic uncertainties covered in Chapter 9 are included and are added in
quadrature per bin by assuming no correlations between the diﬀerent components and pro-
cesses.
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F.2.4 Event Yield
Table F.1: Event yield after the inclusive WZ selection. Systematic uncertainties are
added in quadrature by assuming no correlations between the different components and
processes. The first uncertainty is the statistical uncertainty due to a limited number of
simulated or observed events. The second uncertainty covers all systematic sources.
e+e−e± e+e−µ±
observed ATLAS data 406 483
Standard Model expectation 394.1± 4.0 +26.6−26.2 465.0± 4.4 +30.0−30.7
WZ signal (Sherpa simulation) 303.3± 3.3 +23.9−24.4 395.0± 3.7 +29.7−30.4
WZjj-EW signal (Sherpa simulation) 4.7± 0.1 +0.5−0.8 5.7± 0.2 +0.6−1.0
total Standard Model background 86.1± 2.2 +11.7−9.6 64.3± 2.3 +4.5−4.2
fake leptons (ATLAS data) 49.9± 1.7 +11.4−9.2 25.5± 1.8 +3.3−2.7
ZZ (Sherpa simulation) 28.0± 1.4 +2.3−2.4 27.5± 1.4 +2.2−2.4
tt¯V (MadGraph simulation) 4.9± 0.2± 1.5 6.9± 0.2± 2.1
tZj (Sherpa simulation) 2.8± 0.1± 0.4 3.7± 0.1± 0.5
V V V (MadGraph simulation) 0.5± 0.1± 0.1 0.7± 0.1± 0.1
(1− observed/expected) / % −3.0 +8.7−8.6 −3.9 +8.3−8.4
signal/background 3.6 6.2
µ+µ−e± µ+µ−µ±
observed ATLAS data 539 663
Standard Model expectation 585.4± 5.0 +37.1−36.7 712.1± 5.6 +44.9−45.8
WZ signal (Sherpa simulation) 451.3± 4.1 +33.4−34.1 601.2± 4.7 +44.4−45.4
WZjj-EW signal (Sherpa simulation) 6.0± 0.2 +0.7−1.0 8.3± 0.2 +0.9−1.4
total Standard Model background 128.1± 2.8 +16.2−13.4 102.6± 3.0 +6.9−6.0
fake leptons (ATLAS data) 77.1± 2.2 +15.8−12.8 45.4± 2.4 +5.3−4.1
ZZ (Sherpa simulation) 39.0± 1.7 +3.0−3.4 41.7± 1.8± 3.3
tt¯V (MadGraph simulation) 7.1± 0.2± 2.2 9.3± 0.2± 2.8
tZj (Sherpa simulation) 4.1± 0.1± 0.5 5.3± 0.1± 0.6
V V V (MadGraph simulation) 0.8± 0.1± 0.1 1.0± 0.1± 0.1
(1− observed/expected) / % 7.9± 7.1 6.9 +6.9−7.0
signal/background 3.6 5.9
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F.3 Electroweak WZjj Selection
F.3.1 Kinematic Distributions
(
YH
QW
V


*
H9




4&':=MM
)DNH/HSWRQV
==
9WW
W=M
999
(::=MM
60VWDWV\VW
'DWDVWDW
 7H9VIE
*H9

M
7
S
        
'
DW
D
6
0





(
YH
QW
V


*
H9




4&':=MM
)DNH/HSWRQV
==
9WW
W=M
999
(::=MM
60VWDWV\VW
'DWDVWDW
 7H9VIE
*H9

M
7
S
        
'
DW
D
6
0





(
YH
QW
V








4&':=MM
)DNH/HSWRQV
==
9WW
W=M
999
(::=MM
60VWDWV\VW
'DWDVWDW
 7H9VIE
_

_\M
          
'
DW
D
6
0





(
YH
QW
V








4&':=MM
)DNH/HSWRQV
==
9WW
W=M
999
(::=MM
60VWDWV\VW
'DWDVWDW
 7H9VIE
_

_\M
          
'
DW
D
6
0





Figure F.18: Control distributions of the tagging jets after electroweak WZjj selection.
Top: Transverse momentum of the leading (left) and the subleading (right) tagging jet.
Bottom: Rapidity of the leading (left) and the subleading (right) tagging jet. The back-
ground due to fake leptons is derived from ATLAS data. All systematic uncertainties
covered in Chapter 9 are included and are added in quadrature per bin by assuming no
correlations between the diﬀerent components and processes.
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F.3.2 Event Yield
Table F.2: Event yield after the electroweak WZjj selection. Systematic uncertainties
are added in quadrature by assuming no correlations between the different components and
processes. The first uncertainty is the statistical uncertainty due to a limited number of
simulated or observed events. The second uncertainty covers all systematic sources.
e+e−e± e+e−µ±
observed ATLAS data 14 6
Standard Model expectation 8.2± 0.5 +1.1−0.9 9.3± 0.6 +1.2−1.0
WZjj-EW signal (Sherpa simulation) 1.7± 0.1 +0.2−0.3 1.9± 0.1 +0.2−0.3
total Standard Model background 6.5± 0.5 +1.1−0.8 7.3± 0.6 +1.2−1.0
WZjj-QCD (Sherpa simulation) 4.6± 0.4 +1.1−0.8 5.5± 0.5 +1.2−1.0
fake leptons (ATLAS data) 0.5± 0.2± 0.1 0.7± 0.3± 0.1
ZZ (Sherpa simulation) 0.7± 0.2 +0.2−0.3 0.1± 0.1± 0.1
tt¯V (MadGraph simulation) 0.3± 0.1± 0.1 0.5± 0.1± 0.1
tZj (Sherpa simulation) 0.4± 0.1± 0.1 0.5± 0.1± 0.1
(observed/expected− 1) / % 71 +52−50 −35± 28
signal/background 0.3 0.3
µ+µ−e± µ+µ−µ±
observed ATLAS data 13 12
Standard Model expectation 11.2± 0.6 +1.8−1.6 13.6± 0.7 +1.8−1.7
WZjj-EW (Sherpa simulation) 2.0± 0.1 +0.2−0.4 2.8± 0.1 +0.3−0.5
total Standard Model background 9.1± 0.6 +1.7−1.5 10.8± 0.7 +1.8−1.6
WZjj-QCD 6.9± 0.5+1.7−1.5 8.3± 0.6 +1.8−1.6
fake leptons (ATLAS data) 0.3± 0.1± 0.1 0.9± 0.3 +0.2−0.1
ZZ (Sherpa simulation) 0.9± 0.3 +0.1−0.3 0.3± 0.1± 0.1
tt¯V (MadGraph simulation) 0.4± 0.1± 0.1 0.5± 0.1± 0.1
tZj (Sherpa simulation) 0.6± 0.1± 0.1 0.8± 0.1± 0.1
(observed/expected− 1) / % 17 +38−37 −12± 28
signal/background 0.2 0.3
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F.4 Electroweak WZjj Selection with M(j1j2) > 800 GeV
F.4.1 Kinematic Distributions
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Figure F.19: Distributions of the WZ system after the electroweak WZjj selection and
an increased cut of M (j1 j2 ) > 800 GeV . The background due to fake leptons is derived
from ATLAS data. All systematic uncertainties covered in Chapter 9 are included and are
added in quadrature per bin by assuming no correlations between the diﬀerent components
and processes.
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Figure F.20: Distributions of the tagging jets after the electroweak WZjj selection and
an increased cut of M (j1 j2 ) > 800 GeV . The background due to fake leptons is derived
from ATLAS data. All systematic uncertainties covered in Chapter 9 are included and are
added in quadrature per bin by assuming no correlations between the diﬀerent components
and processes.
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F.4.3 Fiducial Cross Section Measurement
Table F.4: Measured fiducial cross sections of the electroweak WZjj production and with
leptonically decaying gauge bosons and an increased cut of M (j1 j2 ) > 800 GeV . This
process includes electroweak gauge boson scattering as the main concern of this work. De-
rived results are shown for each leptonic final state separately and combined. Combination
is based in the full likelihood function shown in Equation 10.8. The expectation from the
Standard Model theory calculation is derived in Section 10.3. The background yields and
the observed events in ATLAS data are shown for each final state channel. Additional
details are shown in Table F.3 combined for all final states.
final state cross section / fb S B data
e+e−e± 1.37 +0.95−0.72 (stat.) +0.61−0.26 (syst.) 1.0 +0.1−0.2 2.0± 0.5 6
e+e−µ± 0.34 +0.54−0.36 (stat.) +0.24−0.15 (syst.) 1.2± 0.2 1.7 +0.5−0.3 3
µ+µ−e± 0.68 +0.75−0.55 (stat.) +0.42−0.19 (syst.) 1.2± 0.2 2.7 +0.6−0.8 5
µ+µ−µ± 0.41 +0.61−0.45 (stat.) +0.37−0.20 (syst.) 1.6 +0.2−0.3 3.3 +0.8−0.9 5
measurement / fb 0.63 +0.32−0.28 (stat.) +0.41−0.24 (syst.) 5.0 +0.6−0.9 9.6 +1.9−2.1 19
expectation / fb 0.31 +0.03−0.05 (syst.)
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G Auxiliary Information: Matrix Method
G.1 Fake Rate Regions
The following plots present the fake rate regions constructed by the selection of at least one
Z boson candidate and an additional loose or tight lepton. In the corresponding left ﬁgures,
the additional leptons are required to fulﬁll loose (L) lepton criteria while the right ﬁgure is
based on the tight (T) lepton deﬁnition. Both reconstruction criteria are introduced in the
main text in Section 8.2. The ﬁgures diﬀer by the type of the selected leptons (electrons or
muons) and the lepton reconstruction deﬁnition (deﬁnition of the leptons assigned to either
theW or the Z boson candidates, see Appendix F.1). The regions are input to the fake rate F 
i
calculation by subtraction of the irreducible backgrounds based on simulation and following
division of the tight by the loose control regions according to Equation 8.5.
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Figure G.1: Fake rate regions deﬁned by the selection of a Z boson candidate and an
additional electron. In the left plot, the additional electron is required to fulﬁll the loose
(L) lepton reconstruction criteria while the right plot is based on the tight (T) lepton
criteria. The electron requirements shown here correspond to the W boson candidate
selection criteria resulting in the estimates of F e1 . Small irreducible contributions are
extracted from simulated events and will be subtracted from the presented events observed
in the ATLAS data.
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Figure G.2: Fake rate regions deﬁned by the selection of a Z boson candidate and an ad-
ditional electron. In the left plot, the additional electron is required to fulﬁll the loose (L)
lepton reconstruction criteria while the right plot is based on the tight (T) lepton criteria.
The electron requirements shown here correspond to the Z boson candidate selection crite-
ria resulting in the estimates of F e2 and F
e
3 . Small irreducible contributions are extracted
from simulated events and will be subtracted from the presented events observed in the
ATLAS data.
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Figure G.3: Fake rate regions deﬁned by the selection of a Z boson candidate and an
additional muon. In the left plot, the additional muon is required to fulﬁll the loose (L)
lepton reconstruction criteria while the right plot is based on the tight (T) lepton criteria.
The muon requirements shown here correspond to the Z boson candidate selection criteria
resulting in the estimates of Fμ2 and F
μ
3 . Small irreducible contributions are extracted from
simulated events and will be subtracted from the presented events observed in ATLAS data.
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G.2 Fake Rates
The fake rates shown here are presented as a function of either the transverse momentum or
the pseudorapidity. Compared to the fake rates applied during the nominal fake background
estimation (see Figure 8.2), the presented parameterizations are found to result in ﬂatter fake
rates within the statistical and the systematic uncertainties shown as the yellow bands.
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Figure G.4: Fake rates derived based on ATLAS data. In the upper row, the fake rates
according to the Z boson candidate deﬁnitions are shown as a function of the magnitude
of the electron (left) and the muon (right) pseudorapidity. The bottom row shows the fake
rates as a function of the transverse momentum based on the W boson candidate electron
(left) and the muon (right) deﬁnitions. Black crosses indicate the statistical uncertainties
of the ATLAS data. The yellow bands represent the combination of the statistical and the
systematic uncertainties obtained as described in the main text.
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G.3 Fake Regions
In addition to what is presented in Section 8.2.4, the distributions after the selections of the
fake regions LTT, TLT and TTL are shown here. The total event yield corresponds to an
estimate of NLTT , NTLT and NTTL from ATLAS data. The invariant mass of the WZ pair is
selected to visualize the results, but the method is applied to diﬀerent kinematic distribution
in Chapter 7. No simulated fake lepton contributions are shown. Residual contamination from
irreducible prompt lepton production is shown for each plots. Its contribution is subtracted
when calculating the ﬁnal fake lepton yields. Two diﬀerent phase space selection are presented:
The inclusive WZ selection and the electroweak WZjj selection. The plots on the left-hand
side are derived based on the loose electron selection criteria and the corresponding histograms
on the right-hand side show the loose muon selection. No fake rate is multiplied yet.
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Figure G.5: Invariant mass of the WZ system after the LTT selection based on the
inclusive WZ selection and the loose electrons (left) or muons (right).
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Figure G.6: Invariant mass of the WZ system after the TLT selection based on the
inclusive WZ selection and the loose electrons (left) or muons (right).
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Figure G.7: Invariant mass of the WZ system after the TTL selection based on the
inclusive WZ selection and the loose electrons (left) or muons (right).
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Figure G.8: Invariant mass of the WZ system after the LTT selection based on the
electroweak WZjj selection and the loose electrons (left) or muons (right).
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Figure G.9: Invariant mass of the WZ system after the TLT selection based on the
electroweak WZjj selection and the loose electrons (left) or muons (right).
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Figure G.10: Invariant mass of the WZ system after the TTL selection based on the
electroweak WZjj selection and the loose electrons (left) or muons (right).
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G.4 Comparing Simulated Fake Lepton Background to ATLAS
Data
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Figure G.11: Comparison of the fake lepton background estimated from ATLAS data and
from simulation after the inclusive WZ selection as a function of the invariant mass of the
WZ pair. In the upper row, the e+e−e± and the e+e−μ± ﬁnal state and in the lower row
the μ+μ−e± and the μ+μ−μ± ﬁnal state are shown. The longitudinal component of the
missing transverse momentum is calculated based on the W mass constraints as covered
in Section 7.14.
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Figure G.12: Comparison of the fake lepton background estimated from ATLAS data
and from simulation after the inclusive WZ selection as a function of the transverse mo-
mentun of the Z boson candidate. In the upper row, the e+e−e± and the e+e−μ± ﬁnal
state and in the lower row the μ+μ−e± and the μ+μ−μ± ﬁnal state are shown. The lon-
gitudinal component of the missing transverse momentum is calculated based on the W
mass constraints as covered in Section 7.14.
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G.5 Fake Background Yield after Electroweak WZjj Selection
with M(j1j2) > 800 GeV
Table G.1: Fake lepton background estimated based on the ATLAS data by employing
the full matrix method (MM) compared to the predictions from Sherpa simulation (sim)
for four different final state channels after the electroweak WZjj selection with an in-
creased cut of M (j1 j2 ) > 800 GeV . The matrix method results are split up into the three
fake regions LTT, TLT and TTL. Multiple fake contributions are ignored. First quoted
uncertainties are the statistical uncertainties only, while the second uncertainties are the
systematic uncertainties propagated from the fake rates and the irreducible contributions
subtracted based on simulations.
e+e−e± e+e−µ± µ+µ−e± µ+µ−µ±
LTT 0.15± 0.08 +0.05−0.04 0.09± 0.07 +0.03−0.02 0.18± 0.09 +0.06−0.05 0.34± 0.18 +0.08−0.06
TLT −0.01± 0.01± 0.01 −0.01± 0.01± 0.01 −0.01± 0.01± 0.01 0.09± 0.09± 0.06
TTL 0.02± 0.07 +0.03−0.02 −0.02± 0.01± 0.01 −0.02± 0.01± 0.01 0.08± 0.13 +0.03−0.02
MM 0.17± 0.11 +0.06−0.05 0.06± 0.07 +0.03−0.02 0.15± 0.09 +0.06−0.05 0.51± 0.24 +0.11−0.09
sim 0 0.03± 0.03 +0.05−0.06 0.08± 0.16 +0.02−0.13 0.41± 0.49 +0.05−0.06
ratio − 2.0± 3.1 +3.5−4.1 1.9± 3.9 +0.9−3.1 1.2± 1.6± 0.3
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Figure H.1: Muon measurement systematic uncertainties. The upper plots shown the
transverse momentum (left) and the pseudorapidity (right) of the subleading muon as-
signed to the Z boson in (Z → μμ)W events. The lower ﬁgures present the transverse
momentum (left) and the pseudorapidity (right) of the muon associated to the W in se-
lected Z(W → μν) events after the inclusive WZ selection. All systematic uncertainties
covered in Chapter 9 associated to the muons are included and are added in quadrature.
They are shown separately for the WZ production (signal) and the background. Fake lep-
ton background is derived from the ATLAS data and is aﬀected by the quoted systematic
uncertainties just by small prompt lepton subtractions. All remaining background contri-
butions are extracted from simulations. No statistical uncertainties are shown.
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Figure H.2: Electron systematic uncertainties. The upper ﬁgures show the transverse
momentum (left) and the pseudorapidity (right) of the leading electrons assigned to the
Z boson in (Z → ee)W events. The lower plots show the transverse momentum (left)
and the pseudorapidity (right) of the electrons associated to the W candidate in selected
Z(W → eν) events. All systematic uncertainties covered in Chapter 9 associated to the
electrons are included and are added in quadrature. They are shown separately for the
WZ production (signal) and the background. Fake lepton background is derived from the
ATLAS data and is aﬀected by the quoted systematic uncertainties just by small prompt
lepton subtractions. All remaining processes are extracted from simulations. No statistical
uncertainties are shown.
222
(
YH
QW
V


*
H9









(:4&'V\VW:=
%DFNJURXQGV\VW
 7H9VIE
*H9

M
7
S
        
V\
VW
X
QF
HU
WD
LQ
W\





(
YH
QW
V


*
H9








(:4&'V\VW:=
%DFNJURXQGV\VW
 7H9VIE
*H9

M
7
S
        
V\
VW
X
QF
HU
WD
LQ
W\





(
YH
QW
V








 (:4&'V\VW:=
%DFNJURXQGV\VW
 7H9VIE
_

_\M
          
V\
VW
X
QF
HU
WD
LQ
W\





(
YH
QW
V






 (:4&'V\VW:=
%DFNJURXQGV\VW
 7H9VIE
_

_\M
          
V\
VW
X
QF
HU
WD
LQ
W\





Figure H.3: Systematic uncertainties due to JES and JER after the inclusive WZ se-
lection and a requirement of at least two jets. In the top (bottom) row, the transverse
momentum (rapidity) of the leading and subleading jets are shown. Combined electroweak
and strong WZjj production is deﬁned as the signal and is shown in red. The background,
shown in blue, includes all remaining SM processes. Fake lepton background is derived
from the ATLAS data and is aﬀected by the quoted systematic uncertainties just by small
prompt lepton subtractions. All remaining processes are extracted from simulations. The
uncertainties are assumed to be uncorrelated and are added in quadrature. No statistical
uncertainties are shown. Additional distributions are shown in Chapter 9.
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Figure H.4: Systematic uncertainties due to JES and JER after the inclusive WZ se-
lection and a requirement of at least two jets. In the top (bottom) row, the transverse
momentum (rapidity) of the leading and subleading jets are shown. The electroweak WZjj
production is deﬁned as the signal and is shown in red. The background, shown in blue,
includes all the remaining SM processes but is dominated by WZjj-QCD. Fake lepton
background is derived from the ATLAS data and is aﬀected by the quoted systematic uncer-
tainties just by small prompt lepton subtractions. All remaining processes are extracted
from simulations. The uncertainties are assumed to be uncorrelated and are added in
quadrature. No statistical uncertainties are shown. Additional distributions are shown in
Chapter 9.
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Figure H.5: Systematic uncertainties due to JES and JER after inclusive WZ selection.
In the top row, the jet multiplicity distribution is shown with electroweak production (left)
and combined electroweak and strong production (right) as signal. The rapidity diﬀerence
after electroweak WZjj selection and the dijet invariant mass are shown in the bottom
row. The background, shown in blue, includes all remaining SM processes. Fake lepton
background is derived from ATLAS data and is aﬀected by quoted systematic uncertainties
just via small prompt lepton subtraction. All remaining processes are extracted from sim-
ulations. The uncertainties are assumed to be uncorrelated and are added in quadrature.
No statistical uncertainties are shown. Additional distributions are shown in Chapter 9.
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I Auxiliary Information: Cross Sections of
Operator-Dimension Eight Parameters
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Figure I.1: Cross sections after the ﬁducial electroweak WZjj phase space selection as
a function of diﬀerent aQGC parameters with operator-dimension eight. If a form factor
is applied to ensure the unitarity, the corresponding ΛFF is shown next to the generated
sample point. A cubic polynomial ﬁt is performed independently for each parameter hemi-
sphere. Points outside the visible range are included in the ﬁt. Additional details are given
in Section 12.1.
227
7H9Λ0I
      

IE
ILG
σ







7H9
7H9 7H9
7H9
7H9Λ0I
      

IE
ILG
σ







7H9
7H9
7H9
7H9 7H9
7H9
7H9
7H9
7H9Λ7I
      

IE
ILG
σ







7H9
7H9
7H9
7H9
7H9 7H9
7H9
7H9
7H9
7H9
7H9
7H9Λ7I
        

IE
ILG
σ







7H9
7H9
7H9
7H9 7H9
7H9
7H9
7H9
7H9Λ7I
      

IE
ILG
σ







7H9
7H9
7H9
7H9 7H9
7H9
7H9
7H9
7H9Λ7I
      

IE
ILG
σ







7H9
7H9
7H9 7H9
7H9
7H9
7H9Λ7I
        

IE
ILG
σ







7H9
7H9
7H9
7H9
7H9
7H9
7H9
7H9
7H9Λ7I
    

IE
ILG
σ







7H9
7H9
7H9
7H97H9 7H9
7H9
7H9
7H9
Figure I.2: Cross sections after the ﬁducial electroweak WZjj phase space selection as
a function of diﬀerent aQGC parameters with operator-dimension eight. If a form factor
is applied to ensure the unitarity, the corresponding ΛFF is shown next to the generated
sample point. A cubic polynomial ﬁt is performed independently for each parameter hemi-
sphere. Points outside the visible range are included in the ﬁt. Additional details are given
in Section 12.1.
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Figure I.3: Cross sections after the ﬁducial electroweak WZjj phase space selection as
a function of the fS,0 aQGC parameter. In the top row, the results are fully unitarized
(left) or no unitarization is applied (right). For the remaining results, form factors with a
constant scale ΛFF are applied. A cubic polynomial ﬁt is performed independently for each
parameter hemisphere. Points outside the visible range are included in the ﬁt. Additional
details are given in Section 12.1.
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Figure I.4: Cross sections after the ﬁducial electroweak WZjj phase space selection as
a function of the fS,1 aQGC parameter. In the top row, the results are fully unitarized
(left) or no unitarization is applied (right). For the remaining results, form factors with a
constant scale ΛFF are applied. A cubic polynomial ﬁt is performed independently for each
parameter hemisphere. Points outside the visible range are included in the ﬁt. Additional
details are given in Section 12.1.
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